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ABSTRACT  
   
Driven by the curiosity for the secret of life, the effort on sequencing of DNAs and other 
large biopolymers has never been respited. Advanced from recent sequencing 
techniques, nanotube and nanopore based sequencing has been attracting much 
attention. This thesis focuses on the study of first and crucial compartment of the third 
generation sequencing technique, the capture and translocation of biopolymers, and 
discuss the advantages and obstacles of two different nanofluidic pathways, nanotubes 
and nanopores for single molecule capturing and translocation. Carbon nanotubes with 
its constrained structure, the frictionless inner wall and strong electroosmotic flow, are 
promising materials for linearly threading DNA and other biopolymers for sequencing. 
Solid state nanopore on the other hand, is a robust chemical, thermal and mechanical 
stable nanofluidic device, which has a high capturing rate and, to some extent, good 
controllable threading ability for DNA and other biomolecules. These two different but 
similar nanofluidic pathways both provide a good preparation of analyte molecules for 
the sequencing purpose. In addition, more and more research interests have move onto 
peptide chains and protein sensing. For proteome is better and more direct indicators for 
human health, peptide chains and protein sensing have a much wider range of 
applications on bio-medicine, disease early diagnoses, and etc. A universal peptide chain 
nanopore sensing technique with universal chemical modification of peptides is 
discussed in this thesis as well, which unifies the nanopore capturing process for vast 
varieties of peptides. Obstacles of these nanofluidic pathways are also discussed. In the 
end of this thesis, a proposal of integration of solid state nanopore and fixed-gap 
recognition tunneling sequencing technique for a more accurate DNA and peptide 
readout is discussed, together with some early study work, which gives a new direction 
for nanopore based sequencing. 
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CHAPTER 1  
INTRODUCTION TO CARBON NANOTUBES AS TRANSLOCATION 
PATHWAY 
1.1. Carbon Nanotubes (CNTs): Structure and Electronic Property 
Carbon nanotubes are cylindrical nanostructures constituted of carbon atoms. The 
diameters of these structures vary from several nanometers to tens of nanometers. 
People may have produced different types of CNTs before, but only after Iijima’s 
confirmed observation of multiwall carbon nanotubes (MWCNTs) did CNTs come to the 
awareness of science community and ignited vast investigation and study of CNTs by 
different groups. The simplest CNTs, which are also used in our study, are single-walled 
carbon nanotubes (SWCNTs). MWCNTs can be treated as assembled coaxial SWCNTs 
with different diameters (Russian Doll model). As a basic structure, our study will focus 
on SWCNTs. To understand the properties of SWCNTs, we can consider these cylindrical 
structures were wrapped up from a 2D graphene sheet (see Figure 1-1).  
 
Figure 1-1. Chiral structures for possible SWCNT structures.1 (a)–(c) Schematic illustration of the SWCNT 
chirality: armchair (10, 10), zigzag (18, 0) and chiral (17, -7). The left column shows the rolling of graphene 
sheets to a carbon nanotube. (d) Chiral structures for possible SWCNT structures.  
(d) 
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There are different ways of wrapping up a 2D graphene sheet. Graphene sheet is a 
honeycomb shape crystal lattice constituted of carbon atoms. Normally we choose the 
primitive vectors of this graphene lattice as 𝒂1 and 𝒂2 as in Figure 1-1, consider a chiral 
vector of 𝑪 = n𝒂1 + m𝒂2 which connects two equivalent crystallographic sites (carbon 
atoms) on this graphene sheet, then |𝐂| will be the circumference of the wrapped SWCNT 
cross section. The pair of coordinates (n, m) of chiral vector in the system of (𝒂1, 𝒂2) 
represents the number of unit vectors (components of 𝑪) along 𝒂1 and 𝒂2 directions 
respectively. Figure 1-1 showed 3 different wrapping models: when n or m=0, we get 
zigzag chirality; when n=m, we get armchair chirality; otherwise, we get chiral chirality 
for the consequent SWCNTs. 
The pair of indices (n, m) also gives us a hint of the electronic property of SWCNTs. 
Going back to and starting from the unwrapped single graphene sheet, we can easily find 
out the unit vectors of reciprocal lattice (𝒃1, 𝒃2) using primitive vectors (𝒂1, 𝒂2) 
𝒂1 =
√3𝑎
2
?̂? +
𝑎
2
𝒋̂ 
𝒂2 =
√3𝑎
2
?̂? −
𝑎
2
𝒋̂ 
𝒃1 =
2𝜋
√3𝑎
?̂? +
2𝜋
𝑎
𝒋̂ 
𝒃2 =
2𝜋
√3𝑎
?̂? −
2𝜋
𝑎
𝒋̂ 
where 𝑎 is the lattice constant as 𝑎 = |𝑎1| = |𝑎2| = √3𝑑𝑐−𝑐. Based on Laue equation, i.e. 
diffraction condition, 𝒌 ∙ 𝑮 =
1
2
𝐺2 where 𝑮 is a reciprocal lattice vector and 𝒌 is the wave 
vector. The reciprocal space is actually wave vector space, and because of the famous de 
Broglie equation𝒑 = ℏ𝒌, it is also called momentum space. Therefore the first Brillouin 
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zone, whose boundaries are defined by the wave vectors that meet the diffraction 
condition, can be seen as in Figure 1-2.  
 
Figure 1-2. 2D Graphene structure. (a) The unit cell of 2D graphene sheet, indicated by the dash rhombus. 
(b) The first Brillouin zone in the reciprocal lattice.2 
Tight binding approximation is usually used when discussing the band structures of 2D 
graphene sheet, because of its high symmetric property with the sp2 hybridization. The 
dispersion energy of graphene can be derived as 
𝐸𝑔2𝐷(𝑘𝑥, 𝑘𝑦) = ±𝑡√1 + 4 cos (
√3𝑘𝑥𝑎
2
) cos (
𝑘𝑦𝑎
2
) + 4 cos2 (
𝑘𝑦𝑎
2
) 
where 𝑡 = −2.7𝑒V, and 𝑎 = |𝐚𝟏| = |𝐚𝟐|. Based on this equation, it’s not hard to discover 
that the energy dispersion of graphene throughout the Brillouin zone as in Figure 1-3. 
 
Figure 1-3. Band structure of 2D graphene sheet within the first Brillouin zone. Γ, Κ and Μ are listed. (a) Full 
1.5 Brillouin zone with π band and π* band notated. (b) Segment of energy dispersion of 1.5 Brillouin zone. 
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"Graphene Brillouin Zone and Electronic Energy Dispersion" from the Wolfram Demonstrations 
Project (http://demonstrations.wolfram.com/GrapheneBrillouinZoneAndElectronicEnergyDispersion/) 
Contributed by Vladimir Gavryushin (Vilnius University) 
Once we get the band structure of 2D graphene sheet, we can start to roll up SWCNTs. As 
shown in Figure 1-1, there is a periodic boundary condition indicated by the chiral vector 
as 
𝐂 ∙ 𝐤 = 2𝜋𝑛               (𝑛 is integer) 
Base on this condition, and the band structure of 2D graphene sheet, we can see that if 
the allowed wave vector 𝐤 with the Κ point, the conduction band and the valence band 
cross connected without a gap, the rolled up SWCNTs will show a metallic property. On 
the other hand, if the wave vector 𝐤 misses the point, the rolled up SWCNTs will result as 
a semiconductor nanotube. An illustration can be seen in Figure 1-4. 
 
Figure 1-4. 2D Brillouin zone and 1D wave vector 𝐤. (a) metallic CNT (n=4, m=1) and (b) semiconducting 
CNT (n=4, m=0) 
1.2. Electroosmotic Flow and Ion Transport inside SWCNTs 
As we have calculated in the last section, the diameter of SWCNTs are usually given by 
value|𝑪|, it can also be measured using SEM or the size of particles that pass through the 
CNTs. Although using the measured SWCNTs diameter or cross section area, with the 
help of classical hydrodynamics people cannot predict the correct flow rate of fluid 
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passing through the tubes. The measured flow rate could be as large as thousands times 
higher than prediction. In fact, inside the limited size channel, molecules and ions 
translocate through SWCNTs selectively with chemical and electrostatic interactions 
with inner walls of SWCNTs. On the other hand, wetting of the inside of SWCNTs by 
water affects their electronic properties, since internal water can generate a large dipole 
electric field which causes charge polarization of the SWCNTs and shift their valance 
band.3 Conversely, the polarization of SWCNTs under environment or external filed can 
generate an electroosmotic flow due to its charge and small size, which greatly enhance 
the liquid flow rate and conductance of the nanochannel which the SWCNTs formed. 
From Molecular Dynamics simulation, many reports predicted that the flow of aqueous 
electrolytes inside the SWCNTs should be frictionless,4 which is due to the 
electroosmotic flow inside the nanotubes. When electrolyte solution is in proximity to a 
charged surface, the counterions will be attracted to the surface by electrostatics and 
trying to maintain the electrical neutrality of the solid-liquid interface. At the same time, 
the coions in the electrolyte solution will be repelled. The shielding layers composed by 
mostly counterions are called electrical double layer (EDL).2,5,6 There are different 
theoretical models for this EDL at solid-liquid interface. Here we will use the most 
commonly used model, the Stern model for explanation. As shown in Figure 1-5, when a 
charged solid surface is brought in contact with an electrolyte solution, the counterions 
in the electrolyte solution are adsorbed to the solid surface by electrostatic force. These 
counterions are usually immobile and form a thin screening layer on the solid surface, 
which is called Stern Layer. Moving away from the solid surface, there’s a diffusion layer 
following the Stern layer. In this layer, ions can move and diffuse in solution under a 
tangential driven force, hence the name. Within the Stern layer, potential can be 
considered as decreasing linearly from the surface potential of solid 𝜓0 to zeta potential 
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𝜁, which defines the boundary between Stern layer and diffusion layer, also called Shear 
plane. Coming into the diffusion layer, the potential in the solution (as well as the 
counterion concentration) can be consider as decreasing exponentially to the distance 
from the Shear plane as 𝜓 = 𝜁exp (−𝜅𝑥). The thickness of the diffusion layer is 
determined by Debye Length 𝜅−1, also known as 𝜆𝐷 , and the boundary between diffusion 
layer and bulk solution is called slip plane. Debye length can be solved from Poisson’s 
equation and in the electrolyte6, it is 
𝜆𝐷 = 𝜅
−1 = √
𝜀0𝜀𝑟𝑘𝐵𝑇
2𝑁𝐴𝐼𝑒2
 
where 𝜀0 and 𝜀𝑟 are permittivity of free space and dielectric constant of electrolyte 
solution respectively, 𝑘𝐵 is the Boltzmann constant, 𝑇 is the absolute temperature, 𝑁𝐴 is 
Avogadro number and 𝑒 is the elementary charge. As for ionic strength 𝐼, it is the sum of 
molar concentration of ion times the charge number of that ion of all ions in the solution. 
Debye length can be easily calculated for most ionic conditions as several nm to 
hundreds of nm.  
  
Figure 1-5. Example model of electrical double layer (EDL)  
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Now if we consider the charged solid surface is wrapped up into a cylindrical tube, it is 
easy to notice that when the diameter (the distance between the opposite wall of the 
cylindrical tube) is small enough, smaller than the Debye length, this tube will selectively 
passing counterions into its inside due to the EDL. This counterion selective features 
were described in filtration by membranes with irregular nanoporous system.7,8 Even 
though the Debye length is determined by the ionic strength of the electrolyte, the 
diameter of SWCNTs is usually comparable or even smaller than the Debye length. Y. 
Chen et al also reported their simulation result stating that with the increase of surface 
charge density of nanotubes, both the thickness of EDL and peak height of the 
counterion density increase. Therefore, by applying a controllable potential onto the 
SWCNTs (controllable surface charge density), we can easily transform them into ion-
selective and controllable nanochannels, which are called nanofluidic field effect 
transistor (FET)9. They are very similar to traditional metal-oxide-semiconductor (MOS) 
FETs, which control the channel conductance by modulating the major charge carrier 
density. Study of SWCNT-FET can be seen in many publications.10–16  
On the other hand, because of the comparable sizes of the tube diameter and EDL Debye 
length, the inside of the tubes will be highly concentrated with counterions as we talked 
about earlier. When an external electrical field is applied through the tubes, these 
counterions will start to move according to the direction of the external field under the 
Coulomb force, which induces motion of the liquid inside this tube channels via viscous 
interaction. This liquid motion is called electroosmotic flow (EOF), or electroosmosis. 
EOF is the consequence of the charge on SWCNTs. The mobility of Particles in an electric 
field due to EOF can help determine the ζ-potential of the double layer inside the tubes. 
The relationship between mobility and ζ-potential at the interface can be explained using 
Smoluchowski equation17 
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𝑣𝐸 = 4𝜋𝜀0𝜀𝑟
𝜁
6𝜋𝜇
(1 + 𝜅𝑟) 
where 𝜇 is the solution viscosity, and 𝑟 represent the particle radius. So we see by 
controlling the zeta potential of CNTs wall, we can modulate the flow rate inside the 
tubes. This can be considered as a flow FET18, which may help with molecule 
translocation control inside the tubes. 
From the theoretical discussion above, we can see that using a gate electrode to affect 
and control the charge on CNTs wall and hence the zeta potential can help us better 
understand the ion transport and molecule translocation inside CNTs. P. Pang et al in 
their work introduced a gate electrode in their SWCNT system which connects two 
reservoirs (source and drain) that are filled with salt (KCl) solution, as shown in Figure 
1-6(a).19 When the SWCNT is opened, an ionic current going through the SWCNT can be 
measured if a source-drain bias is applied by a pair of Ag/AgCl source drain electrodes in 
the reservoirs. The ionic current measured has a significant FET dependence on the 
voltage applied to the gate electrode 𝑉g, which makes contact with SWCNT, as shown in 
Figure 1-6(b). This hysteresis character indicated how the potential and charge on the 
SWCNT controlled by the gate electrode affects the electroosmotic flow. From the figure 
we can see the ionic current is always reduced when the gate electrode sweeps to a 
positive bias. This phenomenon implies that the charge the SWCNT carries 𝑄 is negative 
and the carrier of the ionic current is predominantly cations. The 𝑉g intersection of the 
average of the sweep curve (indicated by the dash line in the figure) tells us that a zero 
conductance occurs at a positive gate bias, which neutralized the negative charge on the 
SWCNT. This negative charge is most likely largely extrinsic, associated with the 
SiO2/SWCNT interface, charge inside the barrier material (PMMA or SiO2) close to the 
SWCNT, and at the ends of the tubes, both on the barrier material and in the form of 
charged carboxylates, see Figure 1-6(c). 
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Figure 1-6. SWCNT ionic-FET characteristics.19 (a) Concentration dependence of ionic conductance on salt 
concentration. Open triangles are for a floating semiconducting tube, filled triangles are for a tube with the 
gate held at 0 V, and the lines are fits to Gionic ≈ cb. The red squares are simulations in which the charge on 
the tube was adjusted to fit these data. (b) Ionic current vs Vg at Vionic= 0.5 V for a semiconducting SWCNT 
with a Vg sweep rate of 80 mV/s. The sweep direction is indicated by arrows. The black dashed line is the 
average of the sweep-up and sweep-down currents. The horizontal blue dashed line is the ionic current 
recorded when the gate is floating. The solid red circles label the points where the current through the gated 
device equals the current recorded with a floating gate. (c) Heat map of the ionic current vs Vionic and Vg 
based on sweep-down curves. p-Type transistor action is clearly displayed. (d) Histogram of the gating 
efficiency, ΔG/G+, for all the measured devices for 1mM KCl solutions (pH = 7). The gating voltage range is -
0.5 V to 0.8 V on average. Bins outlined in red and blue indicate metallic and semiconducting CNT devices as 
measured independently using an electronic FET fabricated on the same tube. The datum pointed to by an 
arrow is an outlier that might be a consequence of a change in chirality of the SWCNT between the ionic and 
electronic FET devices. 
P. Pang et al found a unique power law dependence of conductance 𝐺 and the salt 
concentration 𝑐,19,20 𝐺 ≈ 𝑐𝑏, when 𝑐 > 0.1 mM. This power law is typical for almost every 
SWCNT device, and only found in ion transport through SWCNTs with small diameters. 
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It’s a consequence of electroosmotic flow in a small but long nanochannel. The power 
law 𝑏 is affected by the surface charge on SWCNT 𝑄, and a smaller range of 𝑏 (~0.3-0.4) 
with polymethylmethacrylate (PMMA) barrier is found compared to SiO2 barrier.  
Obviously, this strange dependence between 𝐺 and 𝑐 is the result of charged CNTs and 
can be used as criteria for an open SWCNT with ion transport through its nanochannel. 
1.3. Single Molecule Translocation through SWCNTs 
Not only ions, but small molecules also can be driven by the external electric field and 
the strong electroosmotic flow and translocation through the SWCNTs. Because of the 
small diameter of SWCNTs, it’s considered that only one single DNA or other molecule 
can be stretched, and passed through nanotubes in a linear form each time. That’s the 
basis of SWCNT DNA sequencing. 
1.3.1. Translocation of Single-Stranded DNA (ssDNA) Oligomer 
through SWCNTs 
In 2010 H. Liu et al first reported using SWCNTs as nanopore-like transport channel for 
analyzing molecular transport properties, and first proved that the hydrophilic DNA 
molecules can enter and pass through the SWCNTs with a hydrophobic interior.20 At the 
same time, the simulations also show that both RNA and DNA will translocate through 
1.5-2 nm diameter tubes. What seems even more counterintuitive is that instead of 
having DNA molecules blocking the ionic current through SWCNTs, it shows enhancing 
spikes (ionic current increasing) translocation signals, as shown in Figure 1-7. The 
experiment setup is also shown on the right side of Figure 1-7.  
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Figure 1-7. Ion current signals of DNA translocation.20 (A) Current (2 M KCl, 1 mM PBS, pH 7) before DNA 
addition. (B) After DNA addition, current slowly increases. (C) 5 min after addition of 0.1-nM 60-nt DNA, 
large positive current spikes appear. These spikes are followed by a drop in baseline over a period of a second 
or so and then by a gradual rise leading to the next spike. (D) Representative data from another tube (also 
60-nt DNA), with the distribution of currents shown in (E). The DNA causes large changes in baseline in 
addition to the spikes. (F) Data from a tube that showed both a current increase on DNA addition and 
baseline fluctuations but no spikes. No translocation was detected by PCR. The insets in (C) and (F) show the 
fluorescence signal from double-stranded DNA dye labels as a function of the PCR cycle number for samples 
collected from these particular runs. 
As we have discussed in the previous sections, the ionic currents through SWCNTs were 
large, due to the charged wall and charged carboxyl end group at the opening of CNTs, 
and the consequent large electroosmotic flow. After adding the DNA analytes, a slow 
increase in the background current was observed, following which, large transient 
increases in current as spikes started to come up. The interval between adding the 
analytes and spikes coming up was considered as an accumulation time of DNA packing 
into the SWCNTs. It is possible that the tube fills entirely with DNA and the spike 
signaling the cooperative emptying of the tube.20 As seen in the figure, after the 
enhancing spikes ionic current dropped down and started to increase again, which could 
indicate that another DNA is filling up into the tube. 
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Translocation of ssDNA through SWCNTs has also been seen in other application and 
setups. Since 2013, study of using short SWCNTs as a new type of nanopore has been 
reported. L. Liu et al used a micro-injection probe to reliably insert sub-10nm SWCNTs 
into a lipid bilayer membrane, to mimic a biological (α-hemolysin) nanopore and 
performed ssDNA translocation experiment.21 The experiment set up is shown in Figure 
1-8.  
 
Figure 1-8. (a) A patch-clamp amplifier was adopted to measure the currents through SWCNT nanopores. 
(b) Illustration of the insertion of a SWCNT into lipid bilayer with a micro-injection probe and ssDNA 
translocation through the inserted SWCNT21 
Their membrane SWCNTs have a vast range of conductance from 0.1 nS to 100 nS, due 
to the CNT diameter and its charged carboxylic end groups. Interestingly, when they 
translocate ssDNA through these membrane SWCNT nanopores, they collected blockade 
signals, which are opposite from our group’s current-increasing translocation signals. 
We will further discuss this difference in the following chapter. The translocation result 
is shown in Figure 1-9. These signals are much more similar to signals collected from 
traditional α-hemolysin nanopores or solid state nanopores. When ssDNA molecule 
translocate through SWCNT, it blocks the ionic current through the channel. Although, 
there are also differences. Firstly, they found the driven voltage for translocation of 
ssDNA could be much lower than traditional nanopore. Secondly, the conductance of 
these short SWCNTs tend to be much larger than same size nanopores. We now know it’s 
due to the electroosmotic flow inside the tubes. 
  13 
Besides the translocation of ssDNA, they also conducted a test of 5hmC modified ssDNA 
with a benzoimidazole (Bzim). The size of the Bzim affected the molecule’s translocation 
blockade signals, and made them signature signals with a dimple on the top of each 
blockade translocation spike. It also delayed the process of ssDNA lingering in the 
reservoir. However, these signal differences are relatively minor so it is still difficult to 
identify different modified ssDNA molecules. 
 
Figure 1-9. (a) Typical ionic current signal recorded when DNA1 (final concentration 1.0 μM) was added to 
the cis side of a SWCNT nanopore (GCNT=8.97 nS). The capture rate is ∼2,300 events per h. Data were 
acquired in the buffer of 1 M KCl and 10 mM Tris, pH 8.0, with the transmembrane potential held at 
+30 mV. (b) Scatter plot of the events (normalized current blockage I/I0 versus event durations) in a. The 
dwell-time histogram was constructed using the data points with I/I0>0.3. The solid line in dwell-time 
histogram is a mono-exponential fit to the data. Peak 1 in I/I0 histogram represents SWCNT–DNA colliding 
events and peak 2 represents DNA translocation events. The lines on peaks 1 and 2 are Gaussian fit to the 
histogram. (c) Comparison of conductance change values (ΔG) of DNA translocation through SWCNT 
nanopores (C1–10) and αHL. 
A group from Lawrence Livermore National Laboratory led by Dr. A. Noy also reported 
similar work of SWCNT nanopores around the same time. They embedded SWCNTs on 
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to the lipid bilayer membranes using an extrusion method. A sonication-assisted cutting 
in the presence of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) was used to cut 
commercial SWCNTs with ~1.5 nm diameters into sub-10 nm fragments, during which 
the short fragments of SWCNTs were coated by the phospholipids from the solution. 
When they are mixed with living cells, these fragments will be reconstituted and inserted 
into the lipid membrane of cells with the assistance of CNTs’ lipid coating, and creates 
small ion and molecule channels for the cells. And most of them are shown 
perpendiculars to the membrane.22  
Conductance measurements clearly showed the membrane incorporation with CNT 
porins and the characterized transport properties of these porins. As shown in Figure 
1-10, bilayer conductance jumps indicate the incorporation events, in which the 
quantized steps represented CNTs connecting cis and trans reservoir as a new transport 
channel. The step value also supported this conclusion. 
 
Figure 1-10. DNA translocation through CNT ion channels. a, Schematic showing the translocation of single-
stranded DNA through a CNT porin in the lipid bilayer (see text for details). Symbols in circles indicate 
ground electrode (top) and reference electrode (bottom). b, Current trace showing multiple transient 
blockades caused by 81-nt ssDNA translocation through the CNT channel (middle) with magnified view 
(bottom). The top trace shows the control trace recorded in absence of ssDNA. The applied voltage 
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was250mV. c, d, Histograms of conductance blockade levels (c) and dwell times (d) for 806 ssDNA 
translocation events. 
Using patch-clamp measurements, they were able to study translocation of 81 
nucleotides (81-nt) ssDNA translocation through the lipid bilayer membrane SWCNT 
nanopores. Figure 1-10 also shows rapid conductance blockades as individual ssDNA 
strands passing through the CNT pores. The blockades have a distribution around 
0.48nS and a lognormal dwell time distribution, which are similar to other protein 
nanopores.  
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CHAPTER 2   
VERIFICATION OF CARBON NANOTUBES AS TRANSLOCATION 
PATHWAY 
2.1. Theoretical Explanation of Single Molecule Translocation through 
CNTs 
Previously we have talked about experiments of DNA translocation through SWCNTs. 
The counterintuitive result of enhancing (increasing ionic current) spikes of 
translocation events received some controversy. Many doubted that the ionic current 
increasing spikes are truly coming from the translocation fact. In 2012, J.H. Park et al 
used all-atom molecular dynamics simulations trying to find a quantitative answer to 
this question. What they discovered was that large electoosmotic flow can be turned into 
a large net current via ion selective filtering by a DNA molecule inside the carbon 
nanotube.1 
2.1.1.  Molecular Dynamics (MD) Model of DNA Translocation 
through SWCNTs 
As mentioned in previous chapter, CNT is a complicated transport system compares to 
solid state nanopores and biological nanopores due to its own structure and length, 
electronic properties, and surface charge. Surrounding environment, the electrolyte 
concentration and the external electric field also affect CNT conductance. In order to 
simulate the system, a model shown in Figure 2-1 was built. As we can see from the 
figure and what we have discussed in the last section, external electrophoretic field 𝐸ext 
is applied on the system and CNT has fixed surface charges as well as mobile surface 
charge, which allows CNT polarization in the field. CNTs are usually charged and a 
strong electroosmotic flow inside the tube will be induced by external electric filed. And 
DNA translocation process may be against this strong electroosmotic flow.  
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Figure 2-1. Schematics of the MD simulation: SWCNT is connecting two reservoirs with solvated KCl (a) 
without DNA presenting and (b) with DNA during translocation.1 
To calculate the ionic current during DNA translocation process, ions (cation K+ and 
anion Cl-) that experience a complete transfer from one reservoir to another in the given 
time interval 𝛥𝑡 are counted. Then the total ionic current can be calculated as total 
charge travelled through CNT, which is 𝐼𝑡𝑜𝑡𝑎𝑙 = 𝑒(𝑁𝐶 − 𝑁𝐴)/𝛥𝑡. 𝑁𝐶  and 𝑁𝐴 are signed 
numbers of cations and anions respectively. When moving in the direction of electric 
field vector they are positive. Those cations and anions that move opposite to and in the 
direction of the electric field, respectively, contribute a negative current.  
2.1.2.  Ionic Translocation Signals of DNA through SWCNTs 
Figure 2-2 shows their simulation results of the ionic current, which can be explained by 
coexistence and competition of the five effects, which are labeled as (A) increase of the 
ionic current with external electric field 𝐸, (B) increase of ionic current with fixed surface 
charge 𝑄, where the main carrier is regulated by the sign of 𝑄, (C) the space charge 
induced by electrical double layer (EDL) of DNA, stimulating cation current, (D) volume 
expulsion by DNA, and (E) electrostatic repulsion of anions by DNA for positive 𝑄. 
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When surface charge 𝑄 on CNTs is larger as in Figure 2-2(a) and (e), the electroosmotic 
current is large, which means the main ionic current carriers are counterions induced by 
the sign of 𝑄. Effect (D) the volume expulsion by DNA is dominating in blocking the 
ionic current, although it is significantly smaller for negative 𝑄 due to the space-charge 
effect (C), but larger for positive 𝑄 due to electrostatic repulsion (E). When surface 
charges 𝑄 reduces, as in Figure 2-2(b) and (f), the competition of all effects (A–E above) 
results in both possible positive enhancements and negative blockades of slight 
magnitude, depending on the external electric field. But importantly for these cases, the 
cation electroosmotic current induced by negatively charged DNA starts to dominate the 
ionic current while DNA is present. When surface charges 𝑄 keeps being reduced as 
going into Figure 2-2(c) and (g), this DNA caused cation electroosmotic current starts to 
play a more and more significant role despite of the sign of 𝑄, especially when external 
filed 𝐸 increases. The difference of the two signs of 𝑄 is, that with negative 𝑄, the 
electroosmotic current is already carried by cations in the absence of DNA, which doesn’t 
change much when DNA comes in. In contrast, with positive 𝑄, anions as current 
carriers are dramatically suppressed when DNA comes in. On the other hand, 
electroosmotic current carried by cation is larger than when it is carried by anions, as 
shown in Figure 2-2(c) and (g), which can be attributed to a smaller van der Waals 
radius of K+ ions compared to Cl- ions. Therefore, ionic current was obviously enhanced, 
especially when 𝑄 is positive. This can be seen in Figure 2-2(c) and (g).  
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Figure 2-2. (A) Ionic currents trough SWCNT for various CNT surface charges Q and mobile surface charges 
q. (B) Summary of ionic current change due to DNA translocation as a function of the surface charge 𝑄 for 
various driving fields 𝐸. 
A summary of ionic current change as enhancement (positive spikes) and blockade 
(negative spikes) is shown in Figure 2-2(B). Obviously, a great current increase due to 
the presence of DNA in the CNTs is found when CNT surface is slightly charged, 
including 𝑄 = 0. The enhancement factors decreases with the increase of external field 𝐸. 
This is a clear verification of the enhanced ionic current spikes of DNA translocation 
through CNTs events in our experiments.  
A 
B 
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Even with the theoretical simulation’s support, the enhanced ionic current event spikes 
of charged molecule translocation look counterintuitive. To further testify the 
translocation events and their ionic current signals, we designed an optical method to 
detect single molecule translocation. But before us getting into that, we will have a brief 
description for CNT growth and translocation device fabrication.   
2.2. Carbon Nanotube Growth and Device Fabrication 
Chemical vapor deposition (CVD) is the most common and efficient method for CNT 
growth. In order to initiate the growth of CNT, catalysts are used (although not 
necessarily.) But all the CNTs we used for device fabrication were all catalyzed by two 
type of catalysts: block copolymer-templated cobalt nanoparticles2 and ferritin-based 
iron nanoparticles3. Ethanol vapor was used as carbon source. This CVD method has a 
great performance in SWCNT growth, and yields good qualities of orientation, length, 
and diameter of SWCNTs.4 In the CVD growing process, ethanol molecules catalyzed by 
the transition metal will dissociate first. At high temperature, carbon has finite solubility 
in the metal, which leads to the dissolution of carbon atoms in the metal nanoparticles. 
As this process continues, carbon atoms are soon precipitated from metal nanoparticles 
due to saturation, and then form a tubular carbon solid in sp2 structure, for this tubular 
form is favored by its lowest energy.5–7 As this tubular structure grows a SWCNT can be 
formed as long as 1cm, although for molecule translocation purpose tens of μm is 
adequate. The diameters of SWCNTs grown using this CVD methods are usually 1 ~ 2 nm 
in diameter. 
2.2.1.  Growth of Carbon Nanotubes 
In the CVD CNT growth process, ethanol vapor only is not sufficient. We also used 
hydrogen (H2) as reducing gas and argon (Ar) as protective gas. These two gases passed 
through drying units (DRIERITE) and filters (Swagelok) first, removing the water vapor 
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and other impurities. A Mass-flow controller (MKS type 1179) was used to control the 
flow rate of the gases in this CVD system. Following mass-flow controller, the gas flow 
will be separated into two channels as shown in the top view of Figure 2-3(a). The 
bottom pathway was opened in the first stage of growth to warm up the tube furnaces 
and removing the polymer on silicon substrate, while the upper one was used during the 
CNT growth to deliver the ethanol vapor, brought from the ethanol in an ice/water bath 
at 0°C, into the tube furnace (Lindberg/Blue, mini-mite 1100◦C Tube furnace, single 
zone). With a slow flow rate, CNTs gradually grew on the substrate inside the tube 
furnace. The furnace and the placement of a substrate, which is a silicon wafer chip, are 
schematically shown in Figure 2-3(inset). 
 
Figure 2-3. (a) Experiment setup: side-view and top-view; (b) schematic diagram of the ethanol chemical 
vapor deposition (CVD) in the tube furnace (one inch diameter quartz tube, 15 inch heating zone), where the 
CVD growth of SWCNTs is performed over cobalt nanoparticles. 
The furnace is set at 900°C and the hydrogen gas flow rate is reduced lower value 
(hydrogen at ~32 sccm and argon at ~320 sccm). The nanotube growth begins at the 
time when the valves are switched to allow ethanol vapor to go into the furnace, see 
Figure 2-3(b). The growth normally carried out for one hour.  
a 
b 
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After the estimated growing length is reached, hydrogen was closed to stop the CNT 
growth. The quartz tube was allowed to cool down slowly to lower than 100°C with an 
argon flow of ~320 sccm. The substrate was then cleaned with acetone, isopropanol and 
DI water, and kept in water to avoid contamination while waiting for SEM 
Characterization. 
2.2.2.  Characterization of CVD Grown SWCNTs 
SWCNTs grown out from the cobalt catalyst or ferritin catalyst area are usually parallel 
to each other, and oriented along the direction of the gas flow within the tube furnace, as 
shown in the SEM image in Figure 2-4(a). A nicely grown SWCNT, under the detailed 
SEM image, should be fairly straight on the surface of the substrate as seen in Figure 
2-4(b). In the figure we also can see a typical atomic force microscopy (AFM) tapping 
mode image of a nicely grown SWCNT. The distribution of the diameters measured in 
AFM, of both cobalt and ferritin catalyzed SWCNTs are shown in Figure 2-4(c) and 
Figure 2-4(d). Obviously, ferritin catalyzed SWCNTs have a slightly larger diameter due 
to the size of catalyst nanoparticle. Moreover, a large fraction of opened SWCNTs grown 
using ferritin catalyst showed high electrical conductivity, which is also a result of the 
large diameter of SWCNTs or MWCNTs.8 
  
Figure 2-4. (a) Overall view of SWCNTs grown out of the catalyst area by SEM. (b) A SEM image of one 
straight as-grown SWCNT. (c) AFM image of a CNT (cobalt as catalyst) on SiO2/Si substrate after growth. 
(a) (b) 
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The height of the CNT measured by AFM was used to determine the diameter of the CNT. (e) A typical 
diameter distribution of CNT by cobalt method. A Gaussian fit gives the mean diameter 1.7±0.6 nm. (c) A 
typical diameter distribution of CNT by Ferritin method. A Gaussian fit gives a mean diameter of 2.0±0.8 
nm. 
We also found that CNT growth can be improved with different substrates. As in an early 
experiment of growing CNTs on quartz substrate for optical purpose (which will be 
discussed in section 2.4), we obtained high density SWCNTs with highly aligned 
orientations, as shown in Figure 2-5(a), with the same catalysts and growth condition. 
The orientation of CNTs are dominated by the direction of gas flow, although on 
Si/quartz substrate, the direction of crystalline of the substrate affects CNT growth as 
well, as we can see in Figure 2-5(b), the SEM image of CNTs grown on some misaligned 
(which means the direction of the gas flow and the direction of substrate crystalline are 
not perfectly aligned) substrates. 
Moreover, we found that the growth does not depend on catalyst nanoparticles. 
Scratches on the quartz substrate can lead to CNT growth also.   
 
Figure 2-5. CNTs grown on quartz substrate. (a) Bundles of CNTs. (b) Misaligned substrate crystalline with 
gas flow led to squiggle like growth. 
(a) 
(b) 
Gas flow 
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2.2.3. Device Fabrication: Deposition of Markers and Reservoir 
Patterns 
After the substrate chip was covered by grown CNTs, alignment markers were patterned 
on the substrate to register the location of the CNTs as in Figure 2-4(b) using electron 
beam lithography (EBL) method. With the high e-beam exposure resolution, EBL is ideal 
for directly patterning of small device structures with feature size down to even tens of 
nanometer. Poly (methyl methacrylate) (PMMA) was used as the electron beam (e-
beam) resist, and an 800 nm thick PMMA was spin coated onto the CNT chips. EBL 
System JEOL JBX 6000FS/E was used to pattern the alignment markers on to PMMA 
by e-beam exposure, which is followed by a develop process of PMMA to remove the e-
beam exposed area. A Chromium-Gold (Cr-Au) layer with 5nm-40nm thickness was then 
deposit onto the chip surface using thermal evaporation, followed by a lift-off procedure 
of resided PMMA and metal layers above it using dichloromethane. After rinsing with 
acetone, patterned gold alignment markers will be left on the CNT chips, as shown in 
Figure 2-6. These indexed alignment markers on the chip can be used as coordinates to 
precisely locate CNTs by scanning electron microscope (SEM) and optical microscopes. 
 
Figure 2-6. Schematic illustration of image reversal process. (a) Exposure by UV light through mask. (b) The 
exposed positive photoresist becomes soluble. (c) The reversal bake crosslinks the exposed area, while the 
unexposed area remains photoactive. (d) Without mask the flood exposure is carried out. (e) Exposed 
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photoresist becomes soluble. (f) After development, the areas exposed in the first exposure step (b) now 
remain. (g) Thermal evaporation of metal film (Cr/Au) onto the chips. (h) The metal film is removed by lift-
off. The metal film at mask area with the designed dark patterns is left. (i) A typical optical image of gold 
alignment markers on the surface of a silicon wafer fabricated by image reversal technique. 
The fluidic reservoir patterns were generated also by EBL following the same procedure 
described above, except for the metal deposition and lift-off steps. An optical image of 
the device is can be seen in Figure 2-7(a). These two reservoirs are formed and obviously 
separated by the resided PMMA (in fact, a SiO2-PMMA layer will play the role here as we 
will discuss in the following sections), and the barrier was designed to be 20-30 μm, as 
this length was proved to effectively prevent leakage between the reservoirs and within 
the length range of most CNTs grown in CVD method. Therefore, if choose correctly, the 
two reservoirs will be connected only by the single SWCNTs after the opening process, 
which we will discuss in the following sections in this chapter, through the barrier. The 
SEM image in Figure 2-7 shows that only one CNT is buried under the 20 μm wide 
barrier and bridges the two reservoirs. 
 
Figure 2-7. Patterns fabricated by electron beam lithography (EBL). (a) SEM image of gold sour-drain 
electrodes connecting one SWCNT working as CNT-FET. Back gate electrode is set at the back surface of the 
silicon wafer chip, not shown here. (b) Schematic of CNT based ionic flow field effect transistors, including 
the top gold gate electrode and two fluid reservoirs connected by one SWCNT. Inset is the optical image of 
this kind of device. 
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Leakage in the barrier was successfully prevented with an extended 20-30 μm wide 
barrier. This greatly improved the yield of working devices by 40% compared to smaller 
barriers with width of a few microns.  In the work of H. Liu and et al9 and later we will 
discuss how to rule out the possibility that the measured ionic current is carried by 
leakage in the barrier. 
2.2.4.  PDMS Microfluidic Sample Channels 
In order to introduce sample solutions into CNT based device reservoirs, and seal the 
reservoirs, we need a microfluidic sample delivery system with strong sealing ability with 
PMMA film, easy molding structure, excellent chemical resistance as well as a good 
flexibility. Therefore we chose the widely used soft materials, polydimethylsiloxane 
(PDMS). Figure 2-8 shows the chemical structure of PDMS. This polymer can be easily 
formed with the stable cross-linked network.  
 
Figure 2-8. Chemical structure of polydimethylsiloxane (PDMS) 
To establish the cross link, PDMS prepolymer (Sylgard 184 Silicone Elastomer Base, 
Dow Corning) was thoroughly mixed with curing agent at a volume ratio of 10:1. The 
mixture was then degassed in a desiccator in a vacuum (~40 torr) environment for about 
40 minutes until all air bubbles are totally removed. This step is crucial for preventing 
defects in microchannel and leakage due to these defects. The degased PDMS is pour 
over the prepared silicon mater wafer mold with designed microchannel patterns for 
curing. This step usually takes 48 hours and more at room temperature (~22°C), and for 
a harder polymer, which reduces the chance of channel collapsing, PDMS was left 
undisturbed for extra days as preferred.  
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The microchannel mold design is shown in Figure 2-9. There are two layers in the PDMS 
device. The bottom layer (shown in red) will make contact with CNT chip, and the top 
layer (shown in black) will form sample delivery channels when bonded with bottom 
layer. There are two channels in total for each assembled PDMS block. Channels 
indicated by the red lines in the bottom layer are separated by 30 μm. The two layers 
design was intended to reduce pressure directly applied on the CNT devices and provide 
a better sealing condition on the fluidic channels.  
Microfluidic channel pattern on Si wafer was etched by deep reactive ion etching (deep 
RIE) method. Image reversal photolithography was used to make these microchannel 
patterns (protected by photoresist) onto the Si wafer, following which the uncovered 
SiO2/Si area (blank area outside of the micro channels) was etched away by deep RIE, 
leaving the photoresist protected micro channels ~50 µm high (which means etching 
away 50 μm SiO2/Si in the black area). The wafer molds containing the structures were 
then silanized overnight with agent tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane 
in order to make the surface hydrophobic, so that the PDMS will not bind with it during 
the curing period. Wafer molds were ready for PDMS molding afterwards. 
 
Figure 2-9. (a) Schematic design of PDMS stamp with two layers of microchannels: red lines (▬) indicate the 
microchannels in the lower layer (inset) and blue lines (▬) represent the ones in the upper layer. (b) Silicon 
master for creating the PDMS device sealed in petri dish. (c) Cured upper PDMS layer is peeled off from 
silicon master. 
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The fluidic micro channels were formed during the curing of PDMS. Once the PDMS are 
hardened, four interconnecting holes were drilled on both top and bottom layers. The 
holes in top layers were used for injecting and withdrawing sample solutions in and out 
the channels, while the ones in bottom layers were used to introduce sample solutions 
from the channels in and out of the reservoirs on the CNT chips. For drilling, a stainless 
steel (SS) coring tube with 838 μm inner diameter was beveled into a sharp edged hollow 
needle, as shown in Figure 2-10(a). The drilled hole has a diameter identical to the inner 
diameter of the tube.  
To seal the microfluidic channels, the top and bottom PDMS layers were treated in 
oxygen plasma (29.6 W at 550~600 mTorr) for 100 sec (with a rotation of position at 50 
sec for even treatment) to activate the PDMS surface with hydroxyl (-OH) group. This 
passivation step renders PDMS surfaces hydrophilic, which prevents bubbling effects 
inside the channels, and also helps strongly bonding two PDMS surface, which ensures 
the sealing. Treated two layers were immediately brought into contact with alignment 
adjusted under optical microscope. Connecting SS tubes with outside diameter of 902 
μm was then inserted into the drilled holes with a compression seal around, as shown in 
Figure 2-10. Standard silicon tubing was used to connect the SS tubes and a syringe 
pump on one side, and the sample solution on the other side. The complete PDMS 
microfluidic system was then aligned and integrated onto the CNT device under optical 
microscope.  
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Figure 2-10. (a) Schematic coring tool: a sharp, beveled edge needle (838 μm in inner diameter). (b) 
Schematic process to make cored hole and insert the tube into it: I. press the coring tool through the PDMS 
layer; II. twist the tool to cut the core part away from the whole block; III. pull out the core part in the hole; 
IV. Insert a stainless steel tube (902 μm in outside diameter) into the drilled hole, which leads to good 
sealing between it and the PDMS layer. (The red arrows indicate the direction of the force applied on the tool 
or tube). (c) Illustration of the interconnection between syringe and the PDMS microfluidic channel. (d) A 
complete set of PDMS microfluidic delivery device on a glass slide. 
 
2.3. Optical Verification of Single Molecule Translocation through 
SWCNTs 
Previously we have discussed the theoretical simulation of translocation process inside of 
the SWCNTs, although to further testify the translocation we planned an experimental 
method to optically detect whether the molecules have been translocated or not. In order 
to actually “see” if the molecules have passed through SWCNTs, we decided to integrate 
single molecule fluorescence technique into the ionic current measurement. On the other 
hand, we prepared dye molecules as analytes for translocation though SWCNTs. If the 
dye molecules did pass through a SWCNT, the fluorescence from these molecules at the 
output of the SWCNT can be “seen” by a single photon detector, and with their 
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corresponding ionic current event signals, the single molecule translocation event can 
then be convincingly verified.  
2.3.1.  Preparation of Dye Solution 
The dye molecules we chose to use were Rhodamine 6G (R6G, Aldrich) and Alexa546 C5 
Maleimide (Alexa546, Invitrogen). The structure of these dyes is shown in Figure 2-11. 
These dyes are widely used due to the strong fluorescence they gave when excited by 
laser with a wavelength around their absorption peak. This feature also makes them a 
good target for single molecule fluorescence detection. 
 
Figure 2-11. Absorption and emission spectra and structures of the dyes used in this work.  The Alexa546 
spectra come from the online SpectraViewer program by Invitrogen 
(http://www.invitrogen.com/site/us/en/home/support/Research-Tools/Fluorescence-SpectraViewer.html) 
and the R6G spectra are taken from the Oregan Medical Laser Center 
(http://omlc.ogi.edu/spectra/PhotochemCAD/html/083.html) based on data from Du, H., R.-C. A. Fuh, J. 
Li, L. A. Corkan and J. S. Lindsey (1998) PhotochemCAD: A computer-aided design and research tool in 
photochemistry. Photochem. Photobiol. 68, 141-142 for the absorption and Kubin, R. F. and A. N. Fletcher 
(1982) Fluorescence quantum yields of some rhodamine dyes. J. Luminescence 27, 455-462 for the emission. 
The spectrums of these two dye molecules are shown in Figure 2-11. Because the 
absorption range of these two dye molecules are fairly close to each other, we chose to 
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use the same excitation laser wavelength, which is 514 nm. At the same time, the 
fluorescence range of these dyes are also similar to each other, which allows us to use the 
same optical filter for separating single molecule fluorescence from the excitation laser 
(see 2.3.3). 
For translocation experiment, 1 mM solutions of R6G and Alexa546 were firstly prepared 
with Nanopure® DI water. The solutions were subsequently diluted into ~ 100 nM in 1M 
KCl with 1mM phosphate buffer (pH=7). Before experiment, all sample solutions passed 
through a Millipore® 0.02 µm filter (Agilent Technologies Nylon Econofilter) before 
introduced into the sample reservoir for translocation. 
2.3.2.  Fabrication of CNT Devices for Dye Translocation  
Single molecule fluorescence detection is a fully developed technique. Detection of single 
molecule fluorescence requires the use of a high numerical aperture objective, and these 
objectives usually work best with matched standard 0.16 mm thick cover glasses. 
However, these thin cover glasses are too fragile to survive the high temperature 
environment of SWCNT growth. This makes it impossible to build a SWCNT device on 
them. From the previous discussion in 2.2.2 we know the SWCNT grown on quartz 
substrates has excellent quality of straightness, alignment and length, although optical 
losses were too high to observe single molecule fluorescence when we built devices on 
quartz substrates. To solve this problem, switching substrate between SWCNT growth 
and translocation measurement is needed, therefore we grew carbon nanotubes on a 
silicon wafer and transferred them onto a standard 0.16 mm thick cover glass (VWR 
Inc.)10 to build the translocation device.  
Figure 2-12(top) shows the CNT transfer process. SWCNTs were grown by CVD with a 
ferritin based iron nanoparticles as a catalyst as described earlier in section 2.2. After 
growth, the whole substrate was covered with an e-beam evaporated 20 nm thick SiO2 
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layer and then spin-coated with 800nm of Poly (methyl methacrylate, PMMA).  After 
soft baking at 170°C for 15 min, the PMMA (with the 20 nm SiO2 layer and embedded 
SWCNTs) was peeled from the silicon substrate by soaking in 1M KOH aqueous solution 
at 80°C and transferred onto the cover glass where it was baked at 300°C in an argon 
flow for 45min.10 The PMMA layer was decomposed and removed so that the position of 
the SWCNTs could be recorded relative to alignment markers on the cover glass (Figure 
2-12). AFM and TEM images showed that the tubes were predominantly single walled 
with a diameter of 2±0.8 nm.  
 
Figure 2-12. SEM images of SWCNTs as grown on thermal oxide on a Si wafer (A) and after PMMA 
embedding and transfer to a 0.16 mm thick cover glass (B). Index markers used to align the PMMA barriers 
are also visible. 
800 nm of PMMA was then spin-coated onto the devices again, after which E-beam 
lithography was used to cut two fluid reservoirs along the path of the nanotubes based on 
the alignment markers and the previously SEM recorded positions of the SWCNTs as 
described in section 2.2.9  A buffered oxide etch (BOE) was used to remove the 20 nm 
Thin PMMA-SiO
2
 film 
SWCNT grown on quartz wafer 
(CVD method) 
Cover glass 
(~160µm) 
KOH etching 
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SiO2 layer in the reservoirs, following which the exposed SWCNTs in the reservoir were 
burned off by an oxygen plasma and the end of SWCNTs were opened.9,11 An overall 
layout of the device is shown in Figure 2-14(A). 
The opened SWCNTs have a typical ion current-voltage curves shown in Figure 2-13(A).  
The barrier between reservoirs was 20-30 μm wide, big enough that the plasma etching 
does not cause leakage.  However, we checked for leakage through the barriers using 
control devices lacking a SWCNT connecting the reservoirs. Only the reservoirs that are 
connected by a SWCNT showed ionic conductance. Furthermore, the dependence of 
conductance on salt concentration showed the unusual power-law dependence, as in 
Figure 2-13(B), which is characteristic electroosmotic flow through a SWCNT.  
 
Figure 2-13. Current vs. voltage for various salt concentrations, C, for a SWCNT device on a glass cover slip 
(A). The slight asymmetry at the highest salt concentration is probably a consequence of the larger surface 
charge density in these devices compared to devices made with PMMA barriers.  Plotted vs. concentration 
(B), the conductance changes according to G~Cm where m~0.3. This is a concentration dependence only 
observed in ion transport through small-diameter SWCNTs. As we have explained in previous reports11, it is 
a consequence of significant electroosmotic flow in a very small frictionless channel. 
2.3.3.  Optical and Electrical Setup for Translocation Detection 
The optical setup is illustrated in Figure 2-14(A). A Nikon Eclipse TE2000-U inverted 
microscope with an oil-immersion lens (NA=1.3, 100X, WD= 0.17mm) was used for 
single molecule fluorescence detection.  The SWCNT device was mounted on the sample 
  36 
stage. Samples were excited using 0.14 to 0.15 mW of the 514.5 nm wavelength of an 
argon laser (Melles Griot 43 series), which was focused into the reservoir a few microns 
from the end of the SWCNT as in Figure 2-14(C). The distance from the end of the 
reservoir to the fluorescence collection point, that is, the focal point of the excitation 
laser, varied between about 5 and 10 µm depending on the amount of stray fluorescence 
and the scattering from the walls of the device and its PDMS microfluidic cover.  
Sample fluorescence was then collected by the same objective Figure 2-14(A) and 
separated from the incident laser beam by a dichroic mirror, after which it was passed 
through a 540-620nm band pass filter for detection by a photon counting module 
(EG&G Canada SPCM-AQR-14).  
 
Figure 2-14. Apparatus for simultaneous recording of ion current and single-molecule optical signals of 
translocation through a single carbon nanotube.  (A) A laser beam is focused by a high NA objective into an 
output reservoir coupled to an input reservoir by a single SWCNT that passes through a 20 to 30 micron 
wide barrier composed of an 800 nm thick PMMA layer on top of a 20 nm thick SiO2 layer.  Charged dye 
D 
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molecules are placed in the input reservoir and driven through the SWCNT by an electric field applied by a 
pair of Ag/AgCl reference electrodes.  The same oil immersion lens collects the fluorescence which is 
detected by an APD after filtering by a dichroic mirror.  (B) SWCNT as transferred onto a 0.16 mm thick 
cover glass (vertical white line).  Index markers on the glass are used to align the fluid reservoirs with the 
SWCNT. (C) Current-voltage curve for a SWCNT connecting two reservoirs.  The conductance is within the 
range expected for a single 2nm diameter SWCNT with the 1 M KCl used.  Current vs. salt concentration data 
(Figure 2) confirm that transport is via the SWCNT. (d) Optical scheme of fluorescence detection of dye 
molecule translocation. The SEM image on the left (PMMA removed) has been superimposed on an optical 
image (green spot is the laser) to show the position of the laser beam with respect to the reservoir.  This is 
also shown schematically on the right. 
Ion current signals were collected by a pair of Ag/AgCl electrodes in the input and output 
reservoir as shown in Figure 2-14(A). Translocation driving bias was also applied using 
the electrode pair. The whole electrodes–sample solution–microfluidic pathways–
SWCNT device chip system was shielded inside a homemade aluminum enclosure as a 
faraday cage to reduce background noise. Ionic current signals were acquired with an 
Axopatch® 200B (Axon Instruments) interfaced to a Labview data acquisition card. 
Optical signals and current signals were acquired simultaneously via the Labview data 
acquisition system running custom software. 
2.3.4.  Experiment Results and Discussion 
The first step of the experiment is to verify that the SWCNT is opened by oxygen plasma. 
For devices lacking SWCNTs under the PMMA-SiO2 barrier, or with SWCNTs but 
unopened by oxygen plasma, none of them showed any measureable conductance. 
However, once the SWCNT that connects both reservoirs was opened successfully, we 
will obtain an ionic current flow through the device. This also verifies that the reservoirs 
and microfluidic paths in the devices were sealed well, so the ionic current flow 
measured in our experiment was actually through the SWCNTs instead of a leakage path. 
But the strongest evidence for the conductance via electroosmotic flow in a SWCNT 
  38 
comes from the unusual dependence of conductance on salt concentration observed in 
SWCNT devices.9,12 We have consistently observed this form of power law for ion 
transport through small-diameter SWCNTs. As we have experienced in our earlier 
experiment, it is likely a consequence of significant electroosmotic flow through a very 
small frictionless channel and can be explained in terms of the dependence of the net 
excess charge in the tube on the bulk salt concentration. In contrary to solid state 
nanopores, as we will discuss later in Chapter3, which show little concentration 
dependence at low salt, owing to fixed surface charge13 the conductance of SWCNTs 
changes most rapidly at low salt, as illustrated by data Figure 2-13 taken with one of the 
cover-glass devices used for dye translocation.   
After we tested and verified an opened SWCNT, we can start molecule translocation 
experiment. But even if for the case of DNA, only a minority (~10%) of the devices gave 
signal spikes of translocation. After dye was added to the input reservoir, only a few 
devices gave promising ionic translocation signals. This variability probably reflects 
variations in SWCNT chirality as well as device-to-device variation in surface charge near 
the tube openings and the screening due to those charges. However, in devices that did 
generate signals after dye addition, almost all of the spikes (>90%) corresponded to an 
increase in ion current passing through the tube as shown in Figure 2-15(I-A), Alexa 546, 
Figure 2-15(II-A) Rhodamine 6G. Note that negative current increases downwards. In 
the figures you may notice that the noise background in the case of Alexa 546 
fluorescence measurements was a little larger because we used a larger pinhole (150µm) 
than that used in the later R6G measurement (50µm).  
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Figure 2-15. Simultaneous recordings of current (A) and fluorescence intensity in counts/ms (B) vs. time for 
I)Alexa 546 dye and II) R6G translocating the device.  Panels on the left show data taken before dye is added 
to the input reservoir.  Noise spikes in the ion current are small and of short duration, while the fluorescence 
noise background rarely peaks above 20 counts/ms.  After the addition of dye, current spikes of several tens 
of pA with durations of a few tenths of a second are observed. They are accompanied by fluorescence spikes 
of 100-150 counts/ms. These generally follow the ion current signals with a delay (C) of about a quarter of a 
second (distribution is shown in (D)). (E) Scatter plot of ion current peak amplitude vs. peak width for dye 
molecule translocation events. 
I) 
II) 
E 
E 
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Table 2-1. Characteristics of the ion current signals for translocation of two dyes.  Scatter plots of amplitude 
vs. decay time are given in Figure 2-15(E). 
Dye Device Dwell Time (s) Amplitude (pA) 
Alexa 546 1 0.16±0.09 14±4 
R6G 2 0.73±0.15 9.1±0.6 
R6G 3 0.26±0.06 10.0±0.4 
 
The amplitudes and widths of the translocation event spikes depended upon the 
particular tube being used, but it was typically a few tens of pA with a width >0.1s as 
shown statistically in Table 2-1 and Figure 2-15(E).  No fluorescence signals were seen in 
devices before adding dye molecules or without the driving bias (0.4 to 0.5V) applied.  
The appearance of ionic current spikes was accompanied by distinct bursts of 
fluorescence as shown in Figure 2-15(B).  The stochastic distribution of fluorescence 
signals introduces an element of guesswork into associating a particular ionic current 
spike with a fluorescence burst (red arrows) but the fluorescence appears to follow the 
ion current spike with a delay of a fraction of a second as in Figure 2-15(C).  Measured 
distributions of these delay times for two experiments are shown in Figure 2-15(D).   
 
Are those correlated electrical signals and optical signals really correlated to each other? 
Here we conduct some calculation to find the answer. The idea is, that because the 
electric field outside of the CNTs is essentially negligible, molecular motion is therefore 
dominated by diffusion. Thus this delay between ion current signal and fluorescence 
signal should reflect the time taken for the dye to diffuse from the end of the SWCNT to 
focal point of the microscope, i.e. distance x, in Figure 2-14(C). To see why the field is 
negligible, we can consider the ratio of the voltage drop across the reservoir to that 
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across the CNT. A more detailed calculation that takes account of electroosmosis has 
been discussed previously in the chapter and also in the work of Pang et al,12 which show 
that electroosmotic flow reduces the estimated field in the CNT still further). Here for an 
acceptable approximation, we can simply use ohms’ law, which gives 
Δ𝑉R
Δ𝑉C
=
𝑅R
𝑅C
=
𝑙R𝐴C
𝑙C𝐴R
 
where 𝑙R and 𝑙C are the lengths and 𝐴R and 𝐴C the cross sectional areas of the reservoir 
and CNT respectively. Referring to Figure 2-14(C), we have 
Δ𝑉R
Δ𝑉C
=
𝑙R𝐴C
𝑙C𝐴R
=
30μm × 𝜋 × (2nm)2
20μm × 50μm × 10μm
≅ 10−8. 
With the ratio low as ~10-8, assuming 1 V of bias was applied on this system, only ~10-8 V 
will be distributed outside of CNT, so the field in the reservoir is ~mV/m. The 
corresponding drift velocity can be calculated as 
𝑣𝐸 = 𝜇dye𝐹𝐸 =
𝜇dye𝑞
𝐿R
𝛥𝑉R ≅ 10pm/s 
which is tens of pm/s if we used a diffusion constant 𝐷 of 4x10-10 m2/s to calculate 
mobility 𝜇dye based on Einstein relation 
𝐷 = 𝜇dye𝑘𝐵𝑇. 
Using the same value of diffusion constant, which can also be analyzed from single 
molecule fluorescence correlation spectroscopy as we will discuss in the following 
paragraph, a delay time of ~0.25s for Alexa546 and 0.10s for R6G between the ionic 
signal and fluorescence signal can be predicted. Based on the distance between the 
SWCNT output end and the laser focus where fluorescence signals were collected, which 
was 10μm for the Alexa546 and 6 μm for R6G, using the equation 
𝑥 = √< 𝑟 >2= √𝐷𝛥𝑡 
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we can easily calculate the delay time Δ𝑡 for both Alexa546 (~0.25s) and R6G (~0.10s). 
These values are consistent with the peaks in the measured distributions of delay times, 
as seen in Figure 2-15(D). 
Do these fluorescence bursts correspond to single molecule signals? This question is best 
answered with fluorescence correlation spectroscopy measurements of the molecular 
diffusion constants, but it is impossible to gather enough data from the SWCNT devices 
to do this.  Instead, we measured the fluorescence signals from 40 μl drops of dye 
solutions on the same coverslips used to make the devices.  Single-exponential decay was 
observed Figure 2-16 yielding diffusion constants for the two dyes in excellent agreement 
with published values (Alexa 54614, D= 3.5x10-10m2/s, R6G15, D= 4.0x10-10m2/s).  The 
corresponding amplitude and pulse-width distributions are shown in Figure 2-16A 
(Alexa 546) and Figure 2-16D (R6G).  These distributions are almost identical to the 
distributions measured for fluorescence signals obtained from the SWCNT devices 
(Figure 2-16B (Alexa 546) and Figure 2-16E (R6G)).  Thus we conclude that each of the 
fluorescence bursts corresponds to a signal from a single dye molecule. 
Since each burst of fluorescence is generally associated with one current spike, we can 
conclude that each ion current spike signals the passage of a single dye molecule through 
the SWCNT.   
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Figure 2-16. Comparison of amplitude (signal in counts/ms) and pulse width distributions for solutions 
(concentration = 90-100 pM for these experiments) of Alexa 546 (A) and R6G (D) with the signals collected 
in the output devices for the same two dyes (B and E).  The histograms are cut off at the baseline noise floor 
at low peak intensities. The fluorescence autocorrelation functions for the solutions are shown in (C) and (F).  
Fitted to a single exponential decay time (red lines) they yield the diffusion constants marked, indicating that 
the fluorescence originates from single molecules. 
Interestingly, both signs of charge on the dye (R6G, +, Alexa 546, -) produce increases in 
ion current on translocation.  Modeling of DNA translocation in a SWCNT showed that 
selective ion filtering by the DNA molecule in the SWCNT causes the charge imbalance 
that increases electroosmotic ion current.1 Specifically, the negative charge on DNA 
repels anions, increasing the excess positive charge in the tube.  Similarly a positive ion 
in the tube would increase the excess of anions, so increasing the negative current.   
Thus, if the charged molecule dominates the process of charge selection in the tube, both 
positive and negative molecules will result in a current increase.  Specifically, the 
positively charged R6G will block cations, increasing the negative current, while the 
negatively charged Alexa 546 will block anions, increasing the positive current.  There is, 
however an asymmetry between the two cases because the tubes appear to carry an 
A B C 
D F E 
Alexa 546 Free 
R6G Free 
Alexa 546 CNT 
R6G CNT 
D=3.7×10
-10
m
2
/s 
D=4.0×10
-10
m
2
/s 
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intrinsic negative charge (likely owing to carboxylate residues). For this reason, tubes 
containing electrolyte only behave like p-type FETs with a cation excess in the tube.12 A 
positive molecule in the tube (R6G) must overcome this background charge, so one 
might expect the current pulses to be somewhat smaller in amplitude than is the case for 
a negative ion.  There is some hint of this in the data in Table 2-1 though tube-to-tube 
variations probably preclude a firm conclusion on this point. 
2.4. Conclusion 
Carbon nanotubes can be used to build devices that give large signals for the 
translocation of a single small charged molecules because of the amplification of the ion 
current signature produced by electroosmosis coupled to charge-filtering by the 
molecule itself.  The data presented here show that each current spike corresponds to the 
translocation of a single molecule.  Furthermore, the fact that both positively and 
negatively charged molecules lead to increases of current (as opposed to current 
blockades) implies that the molecule itself is acting as the “charge filter” that generates 
the spike as the result of an unbalanced electroosmotic flow.  We have built gated devices 
and these might be used to control molecular flow, but cover glasses are not a robust 
enough platform for these more complex devices. 
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CHAPTER 3   
INTRODUCTION TO NANOPORES AS TRANSLOCATION PATHWAY 
The original nanopore idea can be dated back to 1940’s by W. H. Coulter. He reported an 
orifice-based resistive counters for counting and sizing blood cells, with a hole on a 
cellophane cigarette wrapper poked through by a hot needle.1,2 Later in 1953, he patented 
the method of using the same system with addition of a pair of electrodes to measure the 
conductivity of this pore in electrolyte solution. When a particle pass through the pore 
under the electric field, the liquid volume that’s carrying the ionic current is reduce, 
resulting in a resistive pulse in the ionic current measurement.2 This established the 
basis of nanopore analysis, as the size of a pore can be reduce to nanoscale nowadays. 
Nanopores, as the name implies are pores with nanoscale dimensions. They commonly 
exists in all biological organisms. There are various types of biological nanopores and 
nanochannels in cells naturally, which regulate the flow of ions and molecules into and 
out of the cells. These pores and channels that are in nanometer size take control of 
intercellular communication and signaling between subcellular structures, hence are 
vital cell components affecting the life of cells. For example, proteins are selectively 
passed through pores in the membranes of cell organelles, and nucleic acids are 
translocated through nuclear membrane pores between cell nucleus and cytosol. Because 
of their important role in cell biology and the high throughput ion and single-molecule 
transport and analytical properties, nanopores and nanochannels became interests of 
many biologists and biophysicists. Firstly studied nanopores are naturally biological 
nanopores, such as α–hemolysin, bacteriophage phi29 connector and etc., because they 
can be easily obtained from living organisms and work nicely in aqueous biological 
system.   
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3.1. Biological Nanopores 
The one with most research attention among biological nanopores is α-hemolysin, which 
is a naturally existing protein complex extracted from the bacterium Staphylococcus 
aureus. The α-hemolysin secreted by the bacteria will spontaneously insert itself into the 
outer membrane of the host cells, and open up a pore with a diameter of ~1.5 nm as a 
transmembrane channel for ion and ssDNA oligomers transportation3,4, which may lead 
to the death of the host cell. Even though it is not quite favorable in healthy biological 
systems, α-hemolysin is a quality nanopore material for biological (lipid bilayer) 
membrane. And because of the pore-base interaction, it is a potential unit for nanopore 
DNA sequencing.  
The landmark of α-hemolysin study was the investigation of movement of 
polynucleotides (ssDNA and ssRNA) through an α-hemolysin nanopore reported in 1996 
by Kasianowicz et al.5 Following their work, H. Bayley’s group also reported their study 
on stochastic sensing of a wide variety of analytes using α-hemolysin nanopores and 
mutants.6–9 These research work started the era of transporting and analyzing DNA 
molecules in a linear fashion using nanopores.  
An illustration of α-hemolysin pore is shown in Figure 3-1. Each complex has a 5 nm 
vestibule (cis side) which favors the entry of DNA molecules, and a 5 nm transmembrane 
domain (trans side) embedded into the lipid bilayer membrane. Higher entropic barrier 
or electrostatic repulsion reduces the chance of DNA entering from the trans side.10 The 
inside diameter of the channel formed by α-hemolysin complex is ~1.4 nm, which allows 
ions and ssDNA to pass through. The ionic conductance of such a nanochannel is ~1nS at 
1M salt concentration, which results in a measurable ~0.5 nA of ionic current when 0.5V 
bias is applied. When an ssDNA molecule with negative charge driven by an external 
electric field, it can pass through the nanopore in a head-to-tail linear fashion, and a 
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blockade of ionic current can be read out. Although, this size of a nanochannel is too 
small for double-stranded DNA (dsDNA). 
 
Figure 3-1. α-hemolysin is a transmembrane protein that contains a pore that is approximately 1.4 nm wide 
at its narrowest point, which allows single-stranded DNA or RNA to move in and out of cells. Left, The cross-
sectional structure of α-hemolysin. The trans side is located towards the cytosol in the cell, whereas the cis 
side points outwards.11 Right, Snapshots of a ssDNA molecule passing through such a nanopore. The DNA 
molecule enters the cavity at the cis side (left). Subsequently, the membrane voltage drives the DNA through 
the pore towards the trans side (middle, right). These snapshots are the result of a molecular dynamics 
simulation. Image courtesy of Aleksei Aksimentiev. 
From the study of DNA translocation through α-hemolysin nanopore showed many 
fundamental features of the ionic current signal of translocation, which are useful 
information for different types of nanopore analysis. S.E. Henrickson et al revealed the 
relationship between the characters of signals and the applied driven voltage. For 
example, the translocation event frequency increases exponentially with the applied 
voltage, while the duration time of each event decreases exponentially.12 On the other 
hand, A. Meller et al showed that the translocation duration time is proportional to the 
length of DNA molecules at a constant voltage, which indicates that the speed of DNA 
moving through the nanopore is constant for different lengths of DNA (except for very 
short DNA with less than 12 bases).13 These results are quite intuitive because the 
molecules move faster under a stronger external electric field. 
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These translocation properties can also help us distinguish different molecules passing 
through the pores, based on which nanopore sensing is established. As we mentioned 
earlier that α-hemolysin pores are too small for dsDNA, although they have a perfect size 
for ssDNA translocation and sensing. J. Mathe et al reported that ssDNA molecules 
entering the nanopore from its 3’ end (3’-threading) translocated a factor of two slower 
than those entering from its 5’ end (5’-threading). At the same time, 3’-threaded ssDNA 
molecules gave a larger ionic current blockade than the 5’-threaded ssDNA molecules.14 
The reason for this separation is the tilt orientation of the bases on ssDNA. Molecular 
dynamics (MD) simulation shows that DNA bases are tend to tilt towards the 3’ end 
which works against the nanopore confinement of the molecules, while it is much 
smoother from 5’ end. This effect can be visualized as moving a Christmas tree through a 
narrow circular door, when going base-to-top is much easier than going top-to-base, as 
each DNA base acts like a branch on the tree. Therefore it is also called Christmas tree 
effect. As a matter of fact, we can see this effect in solid state nanopores as well, and we 
will discuss more in Chapter 6. 
Since the entering geometry of ssDNA can be distinguished by the translocation signals, 
what about different bases? M. Akeson et al gave a confirmative answer in 1999, in which 
they reported an encouraging result that different translocation signals can be detected 
from the translocation of different homopolymers, such as polyC100 and polyA100 RNA 
with 100 identical bases. In addition, oligomers with a large section of identical bases can 
be distinguished by translocation signals as well, such as a RNA molecule with a 
sequencing of A30C70.10,15 These results are motivating for nanopore analysis and 
sequencing of DNA molecules, but on the other hand also raised a crucial problem for 
the application of all nanopore analysis. The reason for using a large number of identical 
bases in the analysis experiment mentioned above, is that the signal-to-noise ratio was 
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insufficient for a single base resolution of translocation signal readout. The translocation 
under the proper condition results in a fast translocation speed of analyte molecules. As 
for an ssDNA molecule with 100 bases, the translocation duration time is ~0.1 ms, which 
gives each base ~1 µs for passing through the pore. A higher sampling rate of data 
acquisition is not enough to solve the problem, since the number of ions passing through 
the pore during this short pulse of time (~100) is not enough for a good signal detection. 
Statistical fluctuations can easily overwhelm the subtle differences of the signals from 
different DNA bases. This is also a crucial problem for solid state nanopore sequencing 
and analysis, which led to the work and discussion later in Chapter 6 and Chapter 7.  
Therefore, improving the disadvantage of fast translocation rate became the study 
interest of nanopore research. As for α-hemolysin nanopore, it is easy to use biological 
techniques to chemically modify its structure, given the fact that it is a protein complex. 
The common methods of modification include adding a functional organic molecule to a 
specific site, exchanging an amino acid group for another and etc. N. Mitchell et al 
suggested using peptide labeling to attach DNA bases for slowing down translocation. By 
varying the chemistry, charge and size of the chemical tags, they were able to tune the 
translocation.16  S. Howorka reported that a nucleotide oligomer added to the end of the 
α-hemolysin nanopore can bind the matched DNA and halt the translocation for a while, 
till DNA is unzipped and translocated thoroughly.17 This addition can also probe the 
hybridization of the complementary DNA. The modification techniques can also aid in 
nanopore analysis of other big biological molecules, such as biotin-binding proteins, with 
specific biotin-labelled chain modified pores, and thus develop α-hemolysin nanopores 
into biosensors. 
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3.2. Solid State Nanopores 
Biological nanopores have great potential for nanopore devices, but solid state 
nanopores with their superior chemical and mechanical stability attracted more and 
more attention in the past decade. In the following section we will see, solid state 
nanopores have many advantages. Besides their stability, solid state nanopores can also 
be fabricated using conventional semiconductor processes easily with a fine-tunable 
diameter. These synthetic nanopores are easy to handle and be integrated with electrical 
contacts and other measurement compartment, which suggests them as a better analysis 
and sequencing device candidate. 
3.2.1. Fabrication and Sculpting 
Nanopores can be drilled on different material membranes such as silicon nitride (Si3N4, 
SiN), silicon dioxide (SiO2), aluminum oxide (Al2O3), hafnium oxide (HfO2), graphene 
and etc. Many different techniques van be used for nanopore drillings. Feedback 
chemical etching, laser ablation, ion milling, focused ion beam (FIB) drilling, reactive 
ionic etching (RIE), and electron beam drilling and sputtering have all been used for 
nanopore drilling. Here we will focus on the simplest method with reliable result and 
most control of drilled nanopore, electron beam drilling with transmission electron 
microscope (TEM). 
A convergent electron beam with sufficiently high current density but a small spot size is 
focused on a thin oxide or nitride membranes. This focused electron beam will induce 
decomposition sputtering of the target membrane materials resulting in an nm sized 
pore. In our study we used JEOL 2010F filed emission TEM with an accelerating voltage 
of 200 keV and a beam current density around 109 enm-2 for drilling all our solid state 
nanopores. The exact mechanism of forming a nanopore under the TEM focused electron 
beam is uncertain, although from our research results shown in Chapter 7, it is quite 
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possible that the electron beam sputtered the materials on the membrane locally and to 
thin down the membrane to a point where the probability of spontaneously nucleating a 
nanopore becomes unity. The advantage of TEM drilling method is that the operator can 
supervise the pore size during the drilling process in real time and adjust its operation 
position and time accordingly. The TEM drilled nanopores do not have a perfect 
cylindrical wall, it is observed to be a time glass like double cone inner wall shape.  The 
tilted wall angle is reported to be ~10° – 65°.18–21  
During the TEM drilling of nanopore, TEM CCD monitor can be used to check and image 
the drilled pore for real time estimation. Although it is easily noticed that during the 
viewing of drilled nanopore, the pore starts to shrink when the electron beam is slightly 
defocused, reducing the beam intensity to ~106 enm-2. M.J. Kim et al studied nanopore 
formation kinetics in SiN membranes, and concluded that nanopore formation was a 
balance between two competing processes: a) material sputtering and b) surface-tension-
induced shrinking.19,21 
This phenomenon was first reported by J.Chen et al in 2002 who found that a solid state 
nanopore drilled in SiO2/Si3N4 membrane, often spontaneously shrinks all the way to 
complete closure under a certain electron beam condition of TEM. Following Figure 3-2 
shows the shrinking of a drilled nanopore on SiN membrane during the TEM imaging 
process. As shown, the diameter of the nanopore decreases as a function of time, almost 
linearly. This is considered as a typical surface-tension driven mass flow effect, which 
means the amorphous materials fluidized by the electron beam can flow under the force 
of surface tension. When the electron beam is shut off, the material usually cools off by 
black-body radiation and freezes to retain the shape and size of the nanopore.  
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Figure 3-2. TEM based nanopore contraction process. (a) Shrinking. (b) Expending. 
One can explain observed phenomenon using the Laplace’s law of surface tension. 
Starting from a simplified physical model of the membrane and nanopore as shown in 
Figure 3-2, a thin membrane under high energy electron beam in TEM can be fluidized 
and the surface materials, behaving as a fluid, tend to close or expand the nanopore. 
Whether the surface materials is shrinking or expanding the pore, is under the control of 
the unbalanced Laplace pressures due to the finite radius of the pore and the finite 
thickness of the membrane. As for the model in Figure 3-3(a), the free energy used to 
form a nanopore inside a membrane is 
𝛿𝐹 = 𝛾(2𝜋𝑟ℎ − 2𝜋𝑟2) 
where 𝑟 and ℎ are the radius of the pore and the thickness of the membrane, 𝛾 is surface 
tension. Based on equation, we can draw the relationship of the free energy and the 
radius of nanopore as in Figure 3-3(b).  
0 s 24 s 46 s 59 s 
0 s 3 s 14 s 23 s 
a 
b 
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Figure 3-3. Relationship of the free energy and the radius of nanopore. A model system explaining nanopore 
shrinking and expanding dynamics. a, Cylindrical pore with radius r in a sheet of liquid with thickness h. b, 
Change of surface free energy on formation of a cylindrical pore in a liquid film. From the graph Δ𝐹(𝑟) can 
be seen that pores with radius r < h/2 can lower their surface free energy by reducing r, and pores with 
radius r > h/2 by increasing r. 
As seen in the figure above, a critical radius for free energy turns out at 𝑟 = ℎ 2⁄ . This 
means when the radius of the pore is smaller than ℎ 2⁄ , the pore will tend to shrink 
spontaneously under the surface tension, and when the radius is larger than ℎ 2⁄ , the 
pore will tend to expend. This argument is vastly valid and also verified by experiments 
as Storm et al reported.22 This is a very useful phenomenon, because it give the operator 
an efficient way to manipulate the size and shape of the nanopore. By adjusting the size 
of electron beam and the position of the beam, it is possible to achieve a perfect circular 
nanopore with desired diameter. Although it is important to point out that the 
mechanism of pore shrinking may be more complicated that what we have discussed 
above, one of the presentation is the inner rim of the nanopore shrank by adjusting the 
electron beam is not perfectly uniform and circular, you can see it from the shrinking 
images of the pore in Figure 3-2. On the other hand, the inner wall is possibly not 
smooth and uniform already when the pore is drilled, and it is likely that the shrinking 
helps with pore uniformity if done right.23 As a matter of fact, Wu et al confirmed the 
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surface tension shrinking model in their laser drilling of nanopores. And in their result, 
the pore shrank by laser heating is much smoother then the pore freshly drilled.24 
In the study of Wu et al, they introduced the time dependence to the model.24 To 
describe the shrinking process, we can use Young-Laplace equation to find out the 
Laplace pressure on the inner surface of the pore as 
Δ𝑃 = −𝛾∇ ∙ ?̂? = 𝛾 (−
1
𝑟
+
1
𝑟𝑑
) 
where 𝛾 is the surface tension and ?̂? is the unit normal pointing out of the surface, so ∇ ∙
?̂? is the curvature, 𝑟 is the radius of the pore for the inner wall and 𝑟𝑑 is the radius of the 
curvature along the pore channel direction. The two curvatures are obviously opposite to 
each other as shown in Figure 3-4, hence the opposite signs of the radii. Obviously, from 
the equation we can understand that when the thickness of the membrane is much larger 
than the pore radius, the first term in the equation is dominating, which is usually the 
case for most nanopores (ℎ: 𝑟~10: 1). Therefore, the Laplace pressure tends to shrink the 
nanopore. On the other hand, when the pore radius was expended by the drilling beam 
to a certain point, and become comparable or even larger than the thickness of the 
membrane, the Laplace pressure will tend to expend the pore even more which make 
shrinking the pore impossible at any beam condition, hence a critical rule discussed 
earlier.  
 
Figure 3-4. Solid state nanopore structure and surface tension during drilling. 
𝑟 
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To discuss time dependence of pore shrinking, we can derive the equation to have  
?̇? =
𝛾
4𝜂
(−1 +
𝑟
𝑟𝑑
) 
where 𝜂 is the viscosity of the membrane material when it is fluidized by the drilling 
beam. Obviously, the radius of the pore is much smaller than the thickness of the 
membrane while the pore is shrinking, so the last term in the equation can be ignored 
and the shrinking rate can be written in 
?̇? = −
𝛾
4𝜂
 
This is consistent with the experiment result that the shrinking rate is proportional to the 
surface tension and the viscosity of the membrane materials, and will decrease linearly 
with time. If controlled correctly, we can achieve any desired size of nanopore that’s 
smaller than the thickness of the membrane it is drilled on using this shrinking method. 
3.2.2.  Ion Transport and Conductance of Solid State Nanopores 
Just as in single molecule fluorescence and microscopy, where many photons collected 
by the detector result in the signal of a fluorescent molecule in a sample for study, ions 
transport through nanopores establish the ionic current signal that can be used to study 
the analytes in the sample. Figure 3-7 shows a scheme of ionic current measurement of a 
nanopore system which will be discussed in details later. A bias voltage is applied across 
the nanopore using a pair of Ag/AgCl electrodes. Under the bias, Cl- in the solution will 
be attracted toward the anode (+ electrode) and captured by Ag in an oxidative 
electrochemical reaction Ag(s) + Cl− → AgCl(s) + e−. Electron generated here will move 
along the wire to the electrometer producing current and also a charge difference at the 
electrode, which leads to cation migration towards the membrane. On the other hand at 
cathode (- electrode), a reverse reaction AgCl(s) + e− → Ag(s) + Cl− is occurring. Cl- 
generated here will migrates toward the membrane and one electron generated and 
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passed through will be used here.25 In order to prevent further electrochemical reaction 
with hydrogen and oxygen in the solution, we limit the biases applied on the system <1 
V. Without any analytes inside the system, current will be carried by the ions in the 
solution that goes in and out of the pore, so the ionic conductance through solid state 
nanopore is approximated by1  
𝐼0 = 𝑉(𝑒[𝑛+𝜇+ + 𝑛−𝜇−]) (
4ℎ
𝜋𝑑2
+
1
𝑑
)
−1
+ 𝑉𝜇𝐶
𝜋𝑑
ℎ
𝜎 
where 𝑛 and 𝜇 are respectively the ion density and electrophoretic mobility of each ion 
species in the electrolyte. Assuming the electrolyte used here is KCl solution, which we 
used throughout of our experiments, then the parameter in the first term can be 
simplified into𝑒(𝜇𝐾 + 𝜇𝐶𝑙)𝑛𝐾𝐶𝑙. 𝑉 is the applied bias across the nanopore, ℎ is the height 
of the nanopore or the thickness of the membrane on which the pore was drilled, and 𝑑 is 
the diameter of the nanopore. The first term was adapted from early works of nanopore 
studies,20,26 and access resistance was taken into account as the second term in the 
bracket, which represents the dominant conductance when the thickness of the 
membrane ℎ approaches zero (very thin membranes) as shown in Figure 3-5. As a result, 
the conductance scales with 𝑑2 for thicker pores, while scales with 𝑑 linearly for thinner 
pores. The last term in the equation represent the current due to electroosmotic flow, 
which is introduced by the surface charge of the nanopore. In the term, 𝜇𝐶 is the mobility 
of the counterion which screen the surface charge as the EDL, and 𝜎 is the surface charge 
density on the nanopore surface.27 
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Figure 3-5. Signal in nanopores (a) Current–voltage curves for a 10.2 nm diameter, 34 nm length silicon 
oxide pore in various KCl concentrations. (b) Conductance (G) values for various 10 nm diameter pores in 
indicated KCl concentrations. (c) Conductance (G) of various diameter nanopores in 50 nm thick silicon 
nitride membranes at 1 M KCl and 0.2 M KCl. Solid lines are best fits to the data. (d) Experimental 
conductivities of different diameter graphene nanopores measured in a 1 M KCl solution. 
This ionic current carried only by the ions passing through nanopore is called open pore 
current 𝐼0. From the equation above we can see the relationship between this open pore 
current with salt concentration, as illustrated in Figure 3-5. At high salt concentration, 
the ionic current increases with the salt concentration linearly, as in the bulk solution. At 
low salt condition (<100 mM KCl), the effect of surface charge on nanopore dominates 
the conductance, as the first term in equation approaches zero. It needs to be pointed out 
that the surface charge is not constant, but rather dependent on the ion concentration, 
hence the deviation from the high salt concentration conducatance.27  
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3.2.3.  Single Molecule Translocation through Solid State Nanopores 
and Resistive Sensing  
3.2.3.1.  Capturing of Single Molecule at Solid State Nanopore 
When an external electric field is applied upon the reservoir-nanopore-reservoir system, 
charged biomolecules such as ssDNA, dsDNA and some peptides will be driven to thread 
into and pass through the nanopore. Assume that these biomolecules are homogeneously 
distributed in the solution and do not interact with each other, the capturing process of 
these biomolecules can be described by a Poisson process, and the capturing events 
probability distribution of a certain interval time can be written as 
𝑃𝛿𝑡(𝑡) = 𝑒
−𝜆𝑡 
where 𝛿𝑡 represents the time interval between two capturing events, which can also be 
named as delay time as we will see later in Figure 3-7(b) inset, and 𝜆 is considered as the 
mean capturing rate. Therefore, the parameter 1 𝜆⁄  is the mean delay time between 
successive capturing events.  
On the other hand, what are the factors that determine the capturing rate? If we think 
about the external driven field geometry, the voltage profile outside the nanopore can be 
considered as a decaying field with the increase of the radial distance from the pore as 
𝑉(𝑟) = 𝑉
𝑑2
8ℎ𝑟
 
 where 𝑉 is the applied voltage, and 𝑑 and ℎ are the dimensions of the nanopore as 
diameter and height. With this external electric field, if the capturing process is 
diffusion-limited, which means the biomolecule diffuses in the solution into the voltage 
range 𝑟 and the diffusion is affected by its own charge and the field 𝑉(𝑟), then the 
capture rate depend linearly with the applied voltage. Examples can be seen in the study 
by P. Chen et al shown in Figure 3-6(b).28–30 But most of the time, as in α-hemolysin 
nanopore, and times when the size of the biomolecule is comparable with, or much 
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larger (long DNA fragments) than the size of solid state nanopore mouth, the capture 
rate depends exponentially on voltage.31–33 This phenomenon shown in Figure 3-6 
indicates that the capture of molecules is rejected partially during the approaching 
process to the nanopore. A convincing explanation of this phenomenon is related to the 
formation of biomolecules and the entropic barrier at the entrance of nanopores. For 
example, an ssDNA polymer can form many different configurations in solution, but the 
entropic barrier for entering the nanopore requires only geometrically constrained linear 
threading for the polymer to enter and pass through the nanopore. Some other 
configurations are rejected by this barrier, reducing the capturing rate. Although barrier 
effect decreases with an increased applied voltage, and beyond a critical voltage the 
capture rate and voltage relationship returns to a linear form, which indicates the 
entropic barrier is negligible.  
 
Figure 3-6. ssDNA and dsDNA captured into a pore. (a) Capture rate for 2.6 μM (circles) and 0.9 μM 
(squares) dC40 ssDNA into α-hemolysin as a function of voltage, measured at 2 °C. Inset shows distributions 
of the wait time (𝛿𝑡) between successive events for (dA)20 at 2.3 μM (squares); (dCdCdTdCdC)6 at 1.8 μM 
(triangles); (dC)40 at 0.5 μM (circles) (b) Capture rate as a function of voltage for λ-DNA into a 15 nm 
diameter solid-state nanopore as a function of voltage. Inset shows a TEM image of the nanopore used in 
this study. 
a
) 
b
) 
  62 
3.2.3.2.  Resistive Sensing of Single Molecule Translocation 
When biomolecule analytes pass through nanopores, they transiently reduces the ion 
current because the ion flux is hindered. Hence, from the measurement of the ionic 
current, a reduced pulse signal represents a translocation event of a biomolecule 
(considering the size of nanopore restrict single molecule passage). The detection and 
analysis of these resistive ionic current pulses can reveal much information about the 
biomolecule analytes, therefore it is named resistive sensing. The advantage of resistive 
sensing is very obvious. Since ions are the carrier of measured signals, they are much 
smaller, faster and more concentrated than measuring analyte molecules themselves. 
The larger quantity and smaller size also improves the accuracy and resolution of the 
measurement.  
In order to facilitate resistive sensing, the size of nanopore should be large enough for 
both current carrier ions and the analyte molecules to pass through at the same time. 
Since the pore size need to be at least larger than the hydrodynamic radius of analyte 
molecule, many ions should be able to pass through the pore with the analyte molecules. 
In addition, because the ions are the smallest particles that pass through the nanopores, 
the ionic current carried by them should be able to reflect the differences between 
analytes which differ in cross section by the ion’s hydrodynamic size.1 This also defined 
the resolution of the resistive sensing.  
Figure 3-7(b) inset shows some typical resistive ionic current translocation signals from 
DNA nanopore translocation events. The representative parameters of these signals are 
Δ𝐼 as current blockade (or signal amplitude), Δ𝑡 as duration time (dwell time) of 
molecule in the pore and 𝛿𝑡 as delay time (waiting time) between two successive 
translocation events. Current blockade Δ𝐼 usually depends on the cross-sectional 
diameter of the analyte molecules, duration time Δ𝑡 reflects the interactions between 
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analyte molecules and nanopore wall, and delay time 𝛿𝑡 represents the event frequency 
hence the capturing rate of analyte molecules. Current blockade and duration time are 
usually put together statistically into a 2D distribution scatter plot as seen in Figure 
3-7(c), which can be used for differentiation of analytes based on their signal properties. 
 
Figure 3-7. Resistive translocation pulse signals and analysis. a, Applied voltage across a pore drives ion 
migration towards the membrane. Transport of the ions across the pore leads to electric current that is 
measured using a high-bandwidth electrometer. Typically the current–voltage response of a symmetric pore 
is linear, and holding the voltage at a constant voltage results in a steady-state DC current signal. (b) When 
charged biopolymers are added to the chamber, such as DNA molecules, biopolymer molecules diffuse 
towards the pore and stochastically enter it, producing a measurable “resistive pulse”. First-order 
parameters that can help in characterizing a sample are the dwell time (Δ𝑡), the average event amplitude 
(Δ𝐼), and the time between successive events (𝛿𝑡). c. 2D distribution scatter plot of Δ𝐼 vs. Δ𝑡. 
3.2.3.3.  DNA and Peptide Translocation through Solid State Nanopores 
Compare to biological nanopore such as α-hemolysin, solid state nanopores can be 
drilled under control to obtain various different diameters. Therefore, they can be 
applied to analyze much more difference analytes, such as dsDNA, peptide and other 
large biomolecules. dsDNA translocation through a solid state nanopore was first 
reported by Li et al,34 in which they were able to observe resistive current blockade 
signals as dsDNA pass through a nanopore on SiN membrane driven by external electric 
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field. Following this work, many other groups started their measurement of DNA 
translocation through solid state nanopores. A.J. Storm et al in the following years 
reported more extensive measurements results in solid state nanopore fabrication and 
measurement.22,35 In 2005, they reported that different translocation duration times 
were observed for DNAs with different lengths. A mixture of different lengths of DNA 
molecules were separated in the blockade and duration time scatter plot. Also in their 
work large nanopores were shown without a barrier for capturing different DNA 
molecules.30 On the other hand, a smaller diameter pore only allows DNA pass through 
in a head-to-tail linear fashion. For a relatively larger nanopore, DNA molecules are 
allowed to enter the pore with a randomly folded manner, which results in a multi-step 
blockade translocation signal representing the different stages of 2 dsDNA (folded part) 
and 1 dsDNA (unfolded part) inside the nanopore.29,30 M. Wanunu et al studied the 
relationship between ionic current and current blockade with nanopore membrane 
thickness. Their result shows that both the ion current of open pore and the resistive 
current blockade increase as the membrane thickness decreases, which is consistent with 
the theoretical equation, and suggests a method to improve analysis signal to noise 
ratio.36 However, as described in biological nanopore section of this chapter, solid state 
nanopores have the same critical problem in biomolecule analysis and sequencing, which 
is the fast molecule translocation rate. In order to improve the sensitivity and resolution 
of solid state nanopore analysis, many studies were focused on slowing down the 
molecule translocation rate through solid state nanopores, which we will discuss in 
details in the next chapter. 
In the past five years, many research group has enlarged their study area from ssDNA 
and dsDNA into peptide analysis and sequencing. In 2010, S.W. Kowalczyk et al 
examined the translocation of DNA with discrete patches of the DNA-repair protein 
  65 
RecA attached along its length, and detected very different current-blockade signatures 
of bare DNA and RecA coated DNA molecules.37 These results are important for genomic 
screening as they demonstrated the possibility of mapping the locations of the proteins 
along the length of a single molecule using a solid state nanopore. H. Bayley group in 
2012 reported that enantiometric excess of underivatized amino acids can be monitored 
by using a modified α-hemolysin nanopore as a stochastic sensor. Y. Long group also 
reported in 2012 that a peptide-oligonucleotide conjugates can be detected translocating 
through a α-hemolysin nanopore. In 2013, M. Wanunu group reported a high-bandwidth 
measurement of ion current through small and ultra-thin HfO2 and SiN nanopores, 
which allow the analysis of sub-30kD protein molecules ProtK and RNase A with 
unprecedented time resolution and detection efficiency. As many peptide analysis 
studies going on, there has not yet been a universal peptide translocation method for 
solid state nanopore analysis reported. Unlike DNA molecules, peptide molecules with 
the variety of many different amino acids can take any sign and quantity of charges, 
which makes it impossible to apply a unified system for the translocation, analysis and 
sequencing of them all. Later in chapter 6, we will introduce a universal threading 
method which is designed to solve this problem. 
3.3. Summary 
In this chapter we have discussed the origin of nanopore study, biological nanopore, the 
focus of our study, solid state nanopores and the basics of nanopore analysis and 
sequencing. From the fabrication of solid state nanopore we found the advantages of 
solid state nanopores, as they are easily fabricated and size-controlled with drilling 
beam. Because of the solid state membrane base, they are stable under different 
chemical, thermal and mechanical conditions. Last but not least, the ion and molecule 
transport through solid state nanopore and the resistive sensing technique assure them a 
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promising candidate for single molecule detection and analysis. Although, there are still 
many obstacles in practical application of solid state nanopores, for example the 
disadvantages of fast translocation rate of biomolecules through solid state nanopore, 
charge requirement for peptide analysis and sequencing, and possibility of integration 
with more accurate sequencing technique etc. In the next several chapters, we will be 
focusing on the solution of these problems, as in Chapter 5 slowing down ssDNA 
translocation using a modified solid state nanopore, in Chapter 6 a universal method of 
threading peptides into a solid state nanopore for analysis, and in Chapter 7 an outlook 
of integration of solid state nanopores with recognition tunneling sequencing technique. 
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CHAPTER 4   
CONTROLLING SINGLE MOLECULE TRANSLOCATION THROUGH SOLID 
STATE NANOPORES 
As we discussed in the last chapter, fast translocation rate of molecules through solid 
state nanopores is the crucial problem in biomolecule nanopore analysis. Although many 
research groups have been working on this problem and proposed many different 
solutions. Here in this chapter we will firstly review these proposed single molecule 
translocation control methods, and suggest a new way of slowing down ssDNA 
translocation rate. 
4.1. Different Methods to Slow Down and Control the Translocation of 
Single Molecules through Nanopores 
D. Fologea et al in their work published in 2005 gave various efficient methods of 
slowing down DNA translocation through solid state nanopores, based on that the speed 
of DNA depends on viscosity, bias voltage, salt concentration and temperature.1 As 
shown in Figure 4-1, after adding glycerol into the sample solution, current blockades 
(Δ𝐼𝐵) decrease inversely proportional to the viscosity, which can be explained as 
conductivity 𝜎 is proportional to 1 𝜂⁄ .  
 
Figure 4-1. (a) Current blockage (square) and translocation time (triangle) versus viscosity for 3 kbp DNA in 
1.5 M KCl-TE solution at 120 mV bias voltage. The solid curves are fits for ΔIb~ 1 η⁄  and td~η. (b) The scatter 
plots for the addition of 10% and 50% glycerol to the ionic solution. The color scale represents the events 
density.1 
a b 
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One can also change the electrolyte conditions to reduce and control DNA translocation. 
In the word of D. Fologea et al the translocation time dramatically increases when KCl 
concentration is increased to 0.5 M, although it seems to be saturated above 0.5 M even 
when both the open pore current and current blockage change linearly with KCl 
concentration.1 S.W. Kowalczyk et al used the partial reduction of the DNA charge due to 
counterion binding to dramatically reduce the translocation time of DNA through solid 
state nanopore. When the bound counterions decrease in size from K+ to Na+ to Li+ 
translocation time increases. By nanopore translocation experiments and all-atom 
molecular dynamics (MD) simulations, they demonstrate that the size of counterions can 
considerably influence the effective DNA charge, and hence the average translocation 
speed through a nanopore.2 
 
Figure 4-2. Experiments showing the slowing down of DNA translocation in LiCl.2 (a) Example current 
recordings for 48.5 kbp λ-dsDNA filtered at 5 kHz in 1 M KCl (left), 1 M NaCl (middle), and 1 M LiCl (right). 
(b) Same for 1 M LiCl, 2 M LiCl, and 4 M LiCl. (c) Same for heat-shocked M13mp18 ssDNA in an additional 8 
M Urea, filtered at 30 kHz. (d−f) Translocation time histograms corresponding to (a−c). (g) Lithium 
counterions bound to DNA in MD simulations. DNA is shown in gray, lithium is shown in yellow, and 
intermediate water is shown in red and white. Only water molecules involved in the bonds are shown. (h) 
Number of bound counterions per base as a function of minimum bond duration in MD simulation. Ion 
binding to DNA takes place through an intermediate water molecule. At higher minimum bond durations, 
the number of bound lithium ions is seen to be higher than the number of bound sodium and potassium 
ions.  
g h 
  72 
D.F. Nicolas et al used a smart method, Photoconductive Effect, to modulate the surface 
charge density on the solid state membrane. Increased surface charge produces net 
charge near the pore walls, which, under external voltage, creates an electroosmotic flow 
moving in opposition to an anionic translocating molecules as shown in Figure 4-3(b). 
This additional electroosmotic flow slows down the translocation of DNA and proteins as 
we can see from Figure 4-3(c), allowing the detection and characterization of small 
analytes such as ubiquitin.3 
 
Figure 4-3. The photoconductive effect in solid-state nanopores.3 (a) Simulation cartoon illustrating the 
optical nanopore set-up. A solid-state nanopore is positioned at a laser beam focus by a nanopositioner, and 
the ion current flowing through the pore is measured before and during translocation of DNA molecules. 
Inset: high-resolution transmission electron micrographs of a typical pore (diameter, 10 nm). (b) Another 
cartoon showing the bulk and surface ionic current terms discussed in the text, and the origin of the EOF 
acting to retard the DNA translocation for the same nanopore in darkness (left) and under laser illumination 
(right). Here, Isurface¼IDLþIEOF (equation (1)). (c) Detection of the small-molecular-weight protein 
ubiquitin in its native state using a 5 nm nanopore, enabled by illumination of the chip with laser light. (d) 
Left: RF as a function of laser intensity measured for different nanopore sizes, 4.3, 5.4, 5.6, 6.1 and 7.4 nm 
and DNA lengths, 400 bp, 3.5 kbp, 5 kbp and 10kbp. Each data point was calculated from at least 1,000 
events per laser intensity. Right: RF as a function of nanopore surface charge density calculated using the 
open-pore current versus laser intensity for each pore (equations (2)). Remarkably, all data points collapse 
onto a single curve, regardless of DNA length or nanopore diameter.  
Photoconductive Effect 
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Strong interactions between the analyte molecules and the nanopore wall can also weight 
in control and reduction of translocation rate. J. Larkin et al used an atomic layer 
deposition (ALD) method grown hafnium oxide (HfO2) as nanopore membrane material, 
by decreasing nanopore diameter they were able to increase the DNA-nanopore 
interaction, thereby slowed down most of the ssDNA molecule’s translocation duration 
time.4 From Figure 4-4(d) we can see that the translocation duration time dramatically 
increased when pore diameter reduced from 1.7 nm to 1.4 nm. From the voltage 
dependence of capture rate 𝑅𝑐 and duration time shown in (e), evidences of strong 
interactions are also seen. 
 
Figure 4-4. HfO2 nanopore fabrication and size dependent ssDNA translocation result.4 (a) Top: Atomic 
layer deposition is used to deposit a 3—8 nm thick HfO2 layer onto the trench side of a freestanding SiN 
window. Bottom: Reactive ion etching (RIE) of a predefined window to expose the freestanding HfO2. (b) 
Pore characterization: bright-field TEM images of nanopores of diameters 1.6—6.4 nm, drilled in an HfO2 
membrane. (c) Left: Scatter plots of Δ𝐼 vs 𝑡𝑑(Δ𝑡) for selected voltages. The decrease in spread of 𝑡𝑑 values 
with increasing voltages exemplifies the transition from diffusion-dominated to drift-dominated transport. 
Right: Peak 𝑡𝑑 (left axis) and 𝑅𝑐 (right axis) values as a function of voltage, showing exponential dependence 
for both parameters. (d) Transport of 89-mer ssDNA through HfO2 pores with d = 1.4 and 1.7 nm. Left: 
current traces and right: Scatter plots, at various voltages. (e) Left: normalized capture rates as a function of 
voltage. Both pores exhibit exponential dependence of event rate on voltage, owing to an energetic barrier 
for capture into the pores. Right: Mean dwell times for 1.7 nm pore (left axis) and 1.4 nm pore (right axis).  
4.5nm 
a 
c 
b d 
e 
 
  
  74 
Similar result was also observed in silicon dioxide (SiO2) nanopores. R. Akahori et al also 
used ALD deposited SiO2 membrane for nanopore diameter shrinking, see Figure 4-5(a), 
from which they obtained identical result5 as J. Larkin et al as shown in Figure 4-5(b), 
(c). 
 
Figure 4-5. Slowing ssDNA translocation using smaller diameter SiO2 nanopore.5 (a) TEM images of three 
nanopores before (top) and after (bottom) atomic-layer deposition (ALD). Yellow dashed circles indicate 
nanopore diameters. (b) Histograms of relative blockade level 𝐼𝐵 (Δ𝐼) and dwell time 𝑡𝐷 (Δ𝑡) regarding two 
populations 𝐼𝐵𝐿 (green) and 𝐼𝐵𝐻 (red) for nanopores with diameters of (a) 2.3 nm, (b) 3.3 nm and (c) 4.5 nm. 
The histograms are fitted with a double-Gaussian curve. 
In the following few sections, we will introduce our method of DNA translocation 
control. We also incorporated a modification of solid state nanopore and an addition of 
strong molecule-nanopore interaction to drag DNA molecules during their translocation. 
An advantage of this method is that it is also a step forward to the integration of solid 
state nanopore and biomolecule sequencing devices, as we will discuss in Chapter 7. 
4.2. Universal Recognition Tunneling (RT) Reader Molecule 
In the study of recognition tunneling for DNA sequencing, our group has developed a 
read-out system based on non-covalent complex between recognition reader molecules 
a 
c 
b 
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tethered to a pair of electrodes and the DNA molecules passing in between this tunneling 
junction. This system is bound usually through hydrogen bonds and when a bias voltage 
was applied upon the system, different tunneling currents can be detected under 
different hydrogen bond patterns. By reading these tunneling currents through the 
electrode-reader-DNA base-reader-electrode system, we were able to distinguish all four 
DNA bases and their modifications.6–9 Recent study also showed that this system can as 
well distinguish different amino acids using the recognition tunneling signals.10 The key 
of this non-covalent complex is what we call the universal RT reader molecule, 4(5)-(2-
mercaptoethyl)-1H-imidazole-2-carboxamide (ICA), also known as imidazole reader. The 
development and structure of the reader molecular with its earlier models are shown in 
Figure 4-6(a-c), while the synthesis steps of universal imidazole reader can be seen in 
Figure 4-6(d).  
 
Figure 4-6. Structure and synthesis of universal RT reader molecule. (a) First generation of reader molecule: 
4-mercaptobenzoic acid. (b) Second generation of reader molecule: water-friendly variation 4-
mercaptobenzamide. (c) Universal RT reader molecule: 4(5)-(2-mercaptoethyl)-1H-imidazole-2-
carboxamide (ICA). (d) Synthetic route to 4(5)-substituted-1H-imidazole-2-carboxamides. BnBr=benzyl 
bromide; DMAP=4-(dimethylamino) pyridine; TFA=trifluoroacetic acid.11 
a c b 
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Characterization of this reader molecule can be found described in our group’s 
publications.12 Other recognition molecules have been tested and used in our RT study, 
as a few shown in Figure 4-6(a-c), although either not all of the DNA bases can form 
non-covalent complexes with those reader molecules, or the RT signals from different 
complexes with different DNA bases are significantly overlapped. Instead, 1-H-
imidazole-2-carboxamide is an aromatic molecule, which has several hydrogen-bonding 
sites. When the imidazole-2-carboxamide moiety is attached to an electrode through a 
flexible linker, it can freely rotate and its amide group can rotate as well, as illustrated in 
Figure 4-7.  
 
Figure 4-7. Flexibility of universal RT reader molecule imidazole and the hydrogen bonds example.11 
Due to the changeable conformations of the imidazole-2-carboxamide molecule, the 
bridge of hydrogen bonding can exist in multifaceted configurations. Therefore, with 2 of 
this reader molecules, we should be able to bond all DNA bases and their modifications.11 
Tunnel current signals from the bonding are stochastic and broadly distributed, but 
characteristic enough to identify each individual bases. Each base yields a recognizable 
burst of signal6,13 as seen in Figure 4-8. An optimized multi-parameter fit allows base 
calling from a single signal peak with an accuracy that can exceed 80% when a single 
type of nucleotide is present in the junction, meaning that recognition-tunneling is 
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capable of true single molecule analysis. The accuracy increases to 95% when multiple 
spikes in a signal cluster are analyzed.  
 
Figure 4-8. Recognition tunneling signals using universal reader molecule modified scanning tunneling 
microscope (STM) measured from (a) four nucleotides and dmeCMP12 and (b) selected amino acids.10  
In a nanopore with a diameter of 2 nm, an imidazole-2-carboxamide molecule in one 
electrode can reach the same molecule in another electrode to form a molecular bridge 
through hydrogen bonding for the electron tunneling. This also inspired us with the idea, 
that if the reader molecule can form the hydrogen bond with all DNA bases, will they 
significantly resist the DNA molecules sliding through the solid state nanopore under the 
driven bias too fast, by dragging them via the hydrogen bonding? 
4.3. Slowing DNA Translocation using Surface Modification with Reader 
Molecule 
In this section, we will discuss in details about the experiment process and results of 
slowing down DNA molecule translocation using hydrogen bonding through solid state 
nanopores modified with universal reader molecule ICA. 
a 
b   
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4.3.1. Experiment Preparation and Setup 
4.3.1.1. Nanopore Drilling on SiN and Palladium (Pd)-SiN Membrane 
Silicon (Si) chips (5 × 5 mm) coated with silicon nitride (SiN) (30 nm thick) membrane 
from Norcada Inc. were used as the substrate for the fabrication of nanopores. In order 
to expose the SiN membrane, a 250 × 250 µm window was opened from the backside (Si 
side) of the chip and the thickness of free-standing SiN membrane left is 30nm. Then the 
chip was cleaned using standard cleaning process by rinsing with acetone, ethanol and 
DI water. Nanopores were drilled using the electron beam in JEOL 2010FEG 
transmission electron microscope (TEM) at 200 kV. The size of the pores were controlled 
by the electron beam and monitored using the TEM CCD, as discussed above in Chapter 
4. The nanopores were imaged right after drilling for analyzing the geometry and 
diameter. Figure 4-9(a) shows a few examples of TEM drilled solid state nanopores on 
SiN membranes. 
 
Figure 4-9. TEM drilled solid state nanopores on (a) SiN membrane, and (b) Pd-SiN membrane. Note that 
on the metal covered membrane, electron beam induced crystallization is much more obvious. 
From previous study, we found that in order to establish a well performing metal-oxide-
semiconductor recognition tunneling junction, the choice of the metal is important. 
a b 
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Palladium (Pd) electrodes do not contaminate silicon and also give higher tunnel current 
signals in the molecular tunnel junctions. Use of Pd also gave us cleaner tunneling 
signals of four DNA bases, for they show no spurious signals from a buffered aqueous 
electrolyte.14 In order to modify the solid state nanopore and establish the tunnel 
junction, we need to coat the SiN membrane with a thin layer of Pd. The patterning of Pd 
electrode on top of the SiN membranes was done using EBL, following which a 10 nm 
thick Pd layer was deposited onto the SiN membrane using e-beam evaporation 
deposition, similar as described in Chapter 3. Since Pd layer increased the membrane 
thickness, the measured resistive current blockade signals were reduced. For small 
analyte molecules this makes it difficult to pick up the translocation signals from the 
noise.15 To have the membrane thin down we can use reactive ion etching (RIE) method 
to remove a certain thickness of the SiN membrane from the backside of the chip. When 
the Pd-SiN membrane is ready nanopores were drilled following the same procedure as 
mentioned above. Figure 4-9(b) shows the solid state nanopores drilled on the Pd-SiN 
membranes. Note that due to the metal layer on the membrane, electron beam induced 
crystallization is much more obvious. 
4.3.1.2. Cleaning and Wetting of Drilled Solid State Nanopores 
A cleaning process is needed after nanopores were drilled by TEM, which is a 
requirement of successful nanopore translocation experiment. From our experience, 
solid state nanopores drilled by TEM without a following cleaning process are usually 
unopened or unwet. This is possibly due to the hydrocarbon contamination collected 
within and around the nanopores, or the resulting hydrophobic surface of nanopores 
after TEM drilling. When nanopores were assembled into macroscopic sample cells, it 
gets hard for aqueous solution to enter and wet the pore, resulting in an unopened or 
partially opened pore. Therefore a cleaning and hydrophilization process is critical.  
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There are two cleaning methods that are widely used to clean up solid state nanopore 
drilled by TEM, ozone enhanced plasma cleaning and hot piranha cleaning. We have 
tested hot piranha cleaning and the result is good enough for most of our experiments. 
The standard hot piranha cleaning recipe requires immersing chips in a hot piranha 
solution (H2O2 : H2SO4 = 1:3) heated on a hot plate set at 265° for 10 min, and rinsed 
with close temperature DI water thoroughly16. Although since we have a fairly thin layer 
of Pd metal on top of the SiN membrane, it is very easy to have Pd layer etched away by 
such a long and hot piranha cleaning. To solve this problem, we can firstly enlarge the 
diameter of nanopores, and secondly thin down the SiN membrane more to have thinner 
nanopores. Our testing result shows that we can reduce the piranha cleaning time by half 
for thinner and larger nanopores, and together with a better deposition quality of Pd 
electrode layer, we can have an opened nanopore with unbroken Pd electrode on top. 
4.3.1.3. Functionalization of Pd-SiN Nanopore 
Pd-SiN nanopores were then functionalized by soaking in 0.1 mM imidazole ethanol 
solution overnight (20 hrs). This process will allow the imidazole reader molecules to 
form a self-assembled monolayer (SAM) on top of the Pd electrode which is exposed in 
the solution. Self-assembly is a naturally occurring process in biological world. It usually 
results in a spontaneously organized uniform layer. As a consequence of imidazole SAM 
functionalization, the Pd surface will be turned from hydrophobic into hydrophilic as 
shown in Figure 4-10(a). A resulting modified Pd-SiN nanopore can be seen in Figure 
4-10(b). The functionalized Pd layer can be verified by ellipsometry, X-ray photoelectron 
spectroscopy (XPS) and etc.14 In comparison to imidazole reader molecule, which is 
capable of forming different hydrogen bonds with DNA bases, octane thiol (OT) is used 
to modify Pd surface in a similar fashion as a control experiment. 
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Figure 4-10 Imidazole functionalization of Pd-SiN solid state nanopores. (a) Hydrophilic surface of a 
imidazole reader functionalized Pd layer. (b)Imidazole functionalized Pd-SiN solid state nanopore. 
4.3.1.4. Sample Cell Design and Assembly 
We have discussed about microfluidic sample cells design in Chapter 3 for CNTs 
translocation experiment. It is not hard to adjust the design and apply it for nanopore 
analysis. Here we also used PDMS as the elastomer gaskets to assemble nanopore device 
with sample cells. Originally the planner microfluidic channel design is not applicable 
here, instead, we used two liquid sample cuvettes as two large reservoir, and in between 
them is a PDMS sealed Pd-SiN nanopore chip. The system setup is illustrated in Figure 
4-11. As well as nanopore chip cleaning, PDMS and the cuvette reservoirs were ultrasonic 
cleaned for 20 minutes in Isopropanol Water mixture (1:1) in order to remove other 
surface contamination and render the fluidic passages hydrophilic. Degassing the salt 
buffers also eliminates the chance of air bubbles in the fluidic channels. 
 
Figure 4-11. PDMS based nanopore translocation analysis sample cell system 
  SiN   
  
SiN+Pd+ICA a 
Cuvette Cuvette 
PDMS 
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4.3.2. Result and Discussion 
Here we measured translocation times for several different DNA molecules with different 
functionalization molecules for the metal part of the pore. Firstly an experiment was 
conducted in which we used the same nanopore and measured translocation through a 
bare metal pore as in Figure 4-12(a), then again as functionalized with ICA molecules as 
in Figure 4-12(b) and then finally after the metal electrode was stripped away altogether 
as in Figure 4-12(c). Nanopore diameters were between 3 and 5 nm. The pores were not 
perfectly round, as shown in Figure 4-12(d) and the quoted diameters here are an 
average over the pore area.  
Experiments were conducted using the sample cell system described above, with the cells 
on both sides (trans and cis) filled with phosphate buffered (1 mM PB pH=7.0) 1M KCl, 
Ag/AgCl reference electrodes placed into the two chambers cells and current recorded 
using an Axon Axopatch 200B patch clamp amplifier. When DNA (typically 5 to 100 nM 
concentration) was added to the negatively biased (cis) chamber, characteristic resistive 
current blockades were observed, see Figure 4-12(e).  
Table 4-1 lists the conductances of three nanopores of different geometry, together with 
conductance calculated using the conductance equation for nanopores as discussed in 
Chapter 4, with electroosmotic flow term ignored since the concentration of electrolyte 
KCl is quite high (1M) 
𝐺 = 𝜎 (
4𝐿
𝜋𝑑2
+
1
𝑑
)
−1
 
where 𝑑 is the pore diameter, and 𝐿 is the pore length or membrane thickness. 𝜎 is the 
conductance calculated from 
6.02 × 1026(𝜇K + 𝜇Cl)𝑒𝐶 
where 𝑒 is the electronic charge, and 𝜇K and 𝜇Cl are the mobilities of K and Cl ions (7.62 
and 7.91x10-8 m2/Vs) and the numerical factor converts the concentration 𝐶 (in 
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moles/liter) to ion-pairs per cubic meter. The Table also lists the conductance calculated 
from a full solution of the Poisson-Nenrnst-Planck equations.17 Broadly, experimental 
and calculated conductances are in agreement, until DNA is added to the input reservoir, 
at which point the conductance increases significantly, an observation we will discuss 
further at a later point. 
 
Figure 4-12. Functionalizing a pore with a recognition molecule slows translocation: Translocation times for 
a 63 nt ssDNA were measured for a 4 nm diameter pore (inset in e) drilled into a 10 nm Pd film on top of an 
18 nm SiN support (a), then when functionalized with 4(5)-(2-mercaptoethyl)-1H-imidazole-2-carboxamide 
(ICA) which forms specific sets of hydrogen bonds with DNA bases (b), and then again with the metal and 
functionalization removed (c). Examples of current blockades (at 50 mV bias) for the three cases are shown 
in e, f and g. The rise in background current in g is partially accounted for by the reduction in pore thickness. 
A scatter plot of the amplitude of the blockade vs. the log of the blockade times (h) shows that amplitudes are 
all quite similar, but the blockade times include many much longer events for the case of the functionalized 
pore. The blockade times (shown here for 70 mV bias, 1M KCl plus 1 mM phosphate buffer, pH 7.0) are 
approximately exponentially distributed (i) with 1/𝑒 times near the instrumental limit for the metalized 
(green dots) and stripped pore (blue dots) but which approach 0.2 ms/nucleotide when the pore is 
functionalized (red dots). 
d 
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Table 4-1. Pore geometries and measured and calculated conductances in 1M KCl.  
Pore Depth 
Pore 
Diameter 
(nm) 
G 1M KCl 
(nS) 
G KCl+DNA 
(nS) 
G Calc. 1 
(nS) 
G Calc. 
2 (nS) 
30 nm SiN + 10 nm Pd 3.0 2.9 4.0 2.57 2.56 
10 nm SiN + 10 nm Pd 4.2 9.7 48.5 9.58 9.53 
 
When DNA was added to the negatively biased (cis) chamber with a bare Pd-SiN pore, 
characteristic resistive current blockades were observed as in Figure 4-12(e). After the 
measurement, the device chip was cleaned and Pd layer was functionalized with ICA. 
Then in the same translocation experiment setup, many much longer blockades were 
observed as in Figure 4-12(f). Since this is the same pore, these longer events must be a 
consequence of having functionalized the electrodes. Finally, a Piranha etch was used to 
strip away the metal electrode entirely and translocation was measured again. Only rapid 
translocations were observed Figure 4-12(g) once the functionalized electrodes had been 
removed. Thus the effects of the chemical modification of the nanopore were completely 
reversed on stripping off the electrode. We can eliminate the possibility of major changes 
in nanopore geometry when the pore was subject to the various processing steps 
described above. As can be seen from Figure 4-12(e) and (f), the background ion current 
changes very little when the Pd electrode was functionalized, so the slowing of the 
translocation was not a result of occluding the pore. When the metal was stripped off, the 
current increased by about 68%, as seen in Figure 4-12(g). Nanopore conductance 
equation predicts a 52% increase, based on reducing the total pore length from 28 to 18 
nm (SiN +Pd). Thus most of the observed increase in ion-current background can be 
accounted for by the reduction of pore length, implying again that there were no large 
changes in pore geometry. 
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 A scatter plot of the blockade amplitude vs. translocation duration times is shown for all 
three experiments in Figure 4-12(h). The distribution of blockade amplitudes remains 
essentially the same, suggesting that the pore diameter did not change significantly over 
the various processing steps. The distribution of translocation times is affected 
dramatically by functionalization. This is illustrated further by the histograms in Figure 
4-12(i) where the distributions have been fitted by exponentials. The decay time of the 
fitted exponential, as long as 13.2 ms, is increased by at least an order of magnitude 
when the ICA film is present. Correspondingly, a translocation rate of 0.2 ms/base for 63 
nt ssDNA is already much longer than the sub-μs/base translocation rate reported for 
dsDNA in SiN nanopores.18,19 The non-functionalized translocation duration times for 
the 63 base ssDNA in the SiN (0.5 ms, blue curve) and bare metal (1 ms, green curve) 
pores are also significantly longer than the instrumental response (data are rolled off at 5 
kHz, i.e. 0.2 ms), suggesting that increased interactions between the exposed bases and 
the pore surface already slow the ssDNA more than is the case for dsDNA. 
We next sought to test the specific nature of the molecular trapping. This was done by 
comparing several pores functionalized with either ICA as in Figure 4-13(a) or a non-
hydrogen bonding octanethiol (OT) as in Figure 4-13(b). The preparation and 
characterization of these films is described in the Methods section. For these 
measurements, we drilled nanopores on SiN membranes of 10 nm thickness onto which 
10×10 μm Pd pads were deposited. The ICA pores showed two distinct types of 
translocations events, the shorter ones being fitted by an exponential distribution and 
the longer ones appearing as a distinct Gaussian peak in the distribution. An example is 
given in Figure 4-13(c). The red curve is a fit consisting of an exponential plus a Gaussian 
peak to the data obtained with the ICA-functionalized electrode. The blue curve is a 
single-exponential fit to the data obtained with an OT functionalized pore. Clearly, a 
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significant fraction of translocations is elongated in the case of ICA functionalization 
compared to OT functionalization. Data from several pores is shown in Figure 4-13(d) 
which plots the peak time value, 𝜏P, of the Gaussian fit for the ICA pores for both 120 nt 
and 63 nt ssDNA as a function of the bias applied. The decay time fitted to the single 
exponential distributions measured with the OT functionalized pores is also shown.  
 
Figure 4-13. The slowing effect is specific to the hydrogen bonding molecule. Two pores of similar diameter 
functionalized with ICA (a) or octanethiol (OT) (b) produce very different distributions of translocation time 
as shown for a 63 nt ssDNA at a bias of 80 mV in (c). The OT functionalized pore (blue dots) gives rise to an 
exponential distribution of decay times with a 1 𝑒⁄  time of 0.3 ms. The ICA functionalized pore has about half 
of the events exponentially distributed (decay time = 0.6 ms), but in these thinner nanopores (10 nm Pd, 10 
nm SiN), a Gaussian peak of slower events is also observed (red curve and data points N=219) at 2.8 ms. 
Data for several pores and biases were fitted with an exponential (OT functionalization) or an exponential 
plus a Gaussian (ICA functionalization) and the peak values of the Gaussians or 1 𝑒⁄  time of the exponentials 
are shown in (d). ICA functionalization always increases translocation times by about an order of magnitude. 
We find that the median value of the blockade time duration distribution is quite close to 
the value of the Gaussian peak obtained from fits due to relatively few points in any one 
measurement, so we have also analyzed all the distributions (ICA and OT 
functionalization) in terms of the median translocation time, 𝜏M. Table 4-2 shows the 
median translocation times (𝜏M), the peak of the Gaussian distribution (𝜏P) and the 
decay time of the exponential component (𝜏1 𝑒⁄ ) for a pair of pores of very similar 
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diameter (3 and 3.3 nm). Clearly, the increase in translocation time when ICA molecules 
are used is a consequence of their specific chemistry and not just occlusion of the pore by 
the added molecular monolayer. 
Table 4-2. Example of fits for ICA and OT functionalized pores (63 nt ssDNA, bias = 80 mV)*  
Functionalization N 𝜏M (ms) 𝜏1 𝑒⁄  (ms) 𝜏P (ms) 
ICA 323 2.6 0.6±0.1 2.8±0.3 
OT 261 0.3 0.3±0.1 NA 
 
*The additional Gaussian peak (𝜏P) in the case of ICA includes about 40% of all translocation events, typical 
for all the ICA functionalized pores. The exponential component of the distribution is always somewhat 
longer that, but similar to the single exponential observed for OT pores. 
Figure 4-14 (a) shows 𝜏P for three different lengths of ssDNA. The translocation time 
increase linearly with molecular length, evidence that the entire molecule passes the 
pore. Evidently, the range of molecular lengths studied here is too small to manifest the 
non-linearities predicted by M. Muthuikumar.20 
 
Figure 4-14. Translocation times in a functionalized pore depend weakly on bias but strongly on DNA length. 
(a) Translocation times increase linearly with length, evidence that complete molecules are translocating the 
functionalized pores. Blue dots are for 60 mV, red dots 70 mV. The dashed lines are linear fits to the data, 
the slope yielding a time of 0.1 ms/nt. (b) Value of the peak of the distribution of blockade times for the 
slowed molecules as a function of bias. Its dependence on bias can be fitted with either a 1/V dependence 
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(friction- solid curves) or an exp (−𝑉) dependence (activated unbinding- dashed curves). The three 
exponential fits are 0.007exp (−0.04𝑉) for 23 nt DNA, 0.03exp (−0.03𝑉) for 63 nt DNA and 0.08exp (−0.03𝑉) 
for 180 nt DNA. 
AFM force spectroscopy6 on molecular triplexes (recognition molecule – DNA base – 
recognition molecule) shows an activated dissociation process with an intrinsic off-rate 
at zero force of 𝐾off
0 ~0.3 s−1. In the Bell model,21 an applied force F, increases the 
dissociation rate according to 𝐾off = 𝐾off
0 exp (𝐹𝑥TS 𝑘𝑇)⁄  where 𝑥TS parameterizes the 
potential landscape by the distance from the bound-state minimum energy to the 
transition state maximum energy. The AFM data were fitted with 𝑥TS = 0.8 nm. Using 
the result22 that the force applied to DNA in a nanopore is directly proportional to 
voltage according to 𝐹 = 0.24 pN/mV, leads to an activation energy of 0.19V where V is 
the bias applied across the nanopore in mV. With 𝑘𝑇 = 4.2 pNnm, the predicted voltage 
dependence for the translocation time (inversely proportional to the off-rate) is ~ 
3exp (−0.045𝑉) where 𝑉 is the applied bias in mV. 𝜏P is plotted vs 𝑉 for three DNA 
lengths and exponential fits are shown as dashed lines in Figure 4-14(b). While the 
exponents (0.03 to 0.04 mV-1) are similar to the value predicted by the AFM 
measurements, the prefactors are about two orders of magnitude smaller (0.007 to 0.08 
vs 3 predicted). The bound complexes dissociate much more rapidly in the nanopore 
than they do in an AFM gap. In the nanopore, the force is applied along the axis of the 
pore, while the bonds are likely to lie in directions different to that of the applied force. 
In the AFM experiments, the molecules are attached to PEG tethers, so the force should 
align more closely with the bond directions. On these grounds, one might expect the 
AFM dissociation rates to be faster, not slower. Another possibility is that the 
equilibrium-bonding configuration is not achieved in the nanopore if the on-rates are too 
small. Experiments that scan a functionalized STM probe over DNA put a lower limit on 
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𝐾on of about 10-100 s-1, but this may still be too slow to guarantee capture in the 
nanopore. The fact that about half the translocation events are not retarded lends 
support to this interpretation. 
A more widely accepted view of the voltage dependence of the translocation time20,23 is 
that 𝜏P varies as 1 𝑉⁄ , a result that follows directly from Stoke’s law for viscous flow. This 
fits our data just as well as the activated binding model, as shown in solid lines in Figure 
4-14(b). 
We have also measured capture rates in these functionalized pores. They are 
exponentially dependent on bias (data not shown) with absolute rates similar to those 
reported by M. Wanunu et al24 for non-functionalized pores. M. Wanunu et al used salt 
gradients to enhance the electric fields that lead to threading of the DNA. The first step – 
electrostatic accumulation of DNA at the pore entrance – appears to be very efficient. 
Capture rates do not appear to depend strongly on DNA concentration given either an 
adequate waiting time and/or stirring of the solution in the input chamber. A clear signal 
of the accumulation of DNA is given by the increase in background current through the 
pore (Table 4-1), the conductance increasing more than 2× in most cases. We have 
shown in earlier work25 that accumulation of charged molecules at the entrance to a pore 
can lead to large enhancements of the ion current when electroosmotic flow is 
significant. However, our simulations suggest than electorosmotic flow in negligible in 
the pores that are the subject of the current study. By solving the Poisson-Nernst-Planck 
equations for various geometries that include accumulated charge at the entrance to the 
pore, we find that accumulation of a shell of charge density similar to that of DNA can 
lead to enhancements on the order of those observed here. This phenomenon allows the 
accumulation of molecules at the pore to be detected separately from the translocation 
events. This is important because the sample concentration effect that results from 
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accumulation at the entrance to the pore could be useful in lowering the concentration 
detection limit for devices using nanopores. 
4.4. Summary 
In conclusion, we firstly reviewed different methods being used to slow down and control 
single molecule translocation through nanopores, and then we have shown our own 
modification method for nanopore translocation control. About half the population of 
molecules translocating a pore incorporating a thin electrode functionalized with specific 
recognition molecules are slowed dramatically. The slowing, although significant, is 
much less than suggested by AFM measurements of the lifetimes of the bound 
complexes, suggesting that the complexes in the nanopore are not in an equilibrium 
conformation. Nonetheless, the capture events depend on the specific chemistry of the 
recognition molecules, as slowing events are not observed when the pores are coated 
with a non-hydrogen-bonding molecule. Finally, we observe significant increases in the 
ionic conductance of pores when DNA is added to the input chamber, evidence of 
accumulation of DNA at the pore entrance prior to the onset of translocation events. 
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CHAPTER 5   
OLIGONUCLEOTIDES AIDED PEPTIDE TRANSLOCATION THROUGH 
NANOPORES 
5.1. Challenge of Peptide Sequencing 
In the past five years, many research group has enlarged their study area from ssDNA 
and dsDNA into peptide analysis and sequencing. In 2010, S.W. Kowalczyk et al 
examined the translocation of DNA with discrete patches of the DNA-repair protein 
RecA attached along its length, and detected very different current-blockade signatures 
of bare DNA and RecA coated DNA molecules.1 These results are important for genomic 
screening as they demonstrated the possibility of mapping the locations of the proteins 
along the length of a single molecule using a solid state nanopore. 
 
Figure 5-1. Typical nanopore translocation events recorded at 60 mV.1 Example of current recording of 
translocations of (a) bare DNA, (b) fully RecA-coated DNA, and (c) partially RecA-coated DNA. (d,e) Current 
recordings of more complex events in which the current level changes frequently between the DNA and RecA 
level. (f) Schematic layout of the experiment, showing a nanopore between two liquid compartments. DNA 
molecules (purple) that are locally coated with RecA proteins (orange) are added to the left liquid 
compartment. (b) AFM image of partly RecA-coated dsDNA molecules on mica. Thick regions are RecA-
coated dsDNA; thinner, more flexible lines are bare dsDNA. 
(f) 
(g) 
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 H. Bayley group in 2012 reported that enantiometric excess of underivatized amino 
acids can be monitored by using a modified α-hemolysin nanopore as a stochastic 
sensor.2 Y. Long group also reported in 2012 that a peptide-oligonucleotide conjugates 
can be detected translocating through α-hemolysin nanopore.3 Because of the small 
diameter of the α-hemolysin nanopore, they were able to see the unfolding process of the 
conjugates when it prepare to translocate through the nanopore as shown in Figure 5-2. 
 
Figure 5-2. Detection of compound 1, 2, and 3 in a collagen-like helical conformation transiting through an 
a-HL pore in pH = 7.80 Tris-HCl.3 (a) Typical current trace of a translocation event for compound 1. (b) A 
model illustrates the translocation of compound 1 through the pore. (c) Typical translocation signal of 
compound 2 at +100 mV and (d) compound 3 at +140 mV.  
In 2013, M. Wanunu group reported a high-bandwidth measurement of ion current 
through small and ultra-thin HfO2 and SiN nanopores, which allow the analysis of sub-
30kD protein molecules ProtK and RNase A with unprecedented time resolution and 
detection efficiency4 as shown in Figure 5-3. 
b 
c 
d 
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Figure 5-3. Protein detection using small solid-state nanopores.4 (a) Space-filling models of ProtK molecules 
electrophoretically driven through a 5-nm-diameter pore. (Inset) TEM image of a HfO2 pore used in these 
experiments. (b) Continuous 0.5 s current versus time trace of a 69 nM ProtK solution at V = −125 mV (data 
sampled at 4.19 MHz and digitally low-pass-filtered at 250 kHz). Concatenated set of analyzed events is 
shown on right (black), along with OpenNanopore rectangular fits (red). Dwell times for a selection of 
magnified events are indicated. 
Although many reports have been coming out, as we have discussed in the previous 
sections, there has not yet been a universal peptide translocation method for solid state 
nanopore analysis reported. Unlike DNA molecules, peptide molecules with the variety 
of many different amino acids can take any sign and quantity of charges, which makes it 
impossible to apply a unified system for the translocation, analysis and sequencing of 
them all. Here, we will introduce a universal threading method which is designed to solve 
this problem.  
5.2. Chemistry of an Universal Modification of Peptides for Nanopore 
Translocation and Analysis: Addition of PolyT20 to N-termini of 
peptides.  
In general, the α-amine at the N-terminus is more nucleophilic than the carboxylate at C-
terminus, and it should be more susceptible to chemical modification with electrophilic 
reagents in the physiological solution. The major challenge is to find a reagent and 
conditions that allow the reaction to selectively take place at the N-terminus in the 
presence of other nucleophilic groups, such as ε-amine of lysine. For the protein 
sequencing by nanopores, it is particularly important to have a general method to modify 
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any N-terminal amino acid with high selectivity no matter what the next sequence it is 
connected to. Acylation is a commonly used chemical reaction in modification of 
proteins, which utilizes chemical reagents such as carboxylic halide, carboxylic 
anhydride, or active ester.5 It has been reported that the carboxylic anhydrides can 
selectively react with the N-terminal amines of peptides at slightly basic conditions.6,7 
Along these lines, we devised a process of employing an anhydride reagent to introduce a 
bioorthogonal function to N-termini of peptides for attachment of polyions such as 
oligonucleotide. As shown in Figure 5-4, we first use azidoacetic anhydride to react with 
a peptide containing a lysine residue, generating an N-azidoacetylated peptide under 
slightly acidic conditions (Step 1), and then a click reaction through which an aza-
dibenzocyclooctyne (ADIBO) functionalized PolyT20 is added to the azide functionalized 
peptide (Step 2). The ADIBO function—a strained cycloalkyne—specifically reacts with 
azide at a high reaction rate (k = 0.3 M-1s-1) without need of a copper catalyst (so called 
copper free click chemistry.8,9). Due to its bioorthogonality, the ADIBO-azide click 
reaction has been applied to forming conjugates of DNA to protein10, protein to protein11, 
protein to drugs12, and gold nanoparticles13, and to immobilizing proteins (or 
antibodies)14,15, and peptides16.  
 
Figure 5-4. Chemical reactions for attaching oligonucleotide to N-termini of peptides 
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Given these advances in click chemistry, we paid our special attention to realizing the 
reaction of azidoacetic anhydride with peptide in high selectivity. Besides ε-amine of 
lysine, the acyl anhydride can react with the phenolate ion of tyrosine, sulfhydryl group 
of cysteine, aliphatic hydroxyl of serine and threonine, and imidazolyl ring of histidine.17  
The reactivity of these groups and stability of their acyl derivatives are all different. In 
most cases, the reactive groups involved in the acylation are the α- and ε-amine, 
imidazolyl ring, and to a lesser extent, –SH and –OH. The thioester and ester from 
acylation of cysteine, tyrosine, serine and threonine residues can be reversed to 
regenerate the original groups. However, these functional groups have distinguishable 
acid dissociation constants (pKa): for example, an average pKa value for ε-amine of 
lysine in proteins is 10.5, for α-amine of the N-terminus is 7.7. This leaves us a room to 
improve the selectivity of the acylation reaction by fine-tuning the pH to change the 
protonated states of these amino acid residues, because the protonated amine is not 
reactive (Figure 5-4, Step 1). To achieve high selectivity for the α-amine, we chose a 
slightly acidic condition for the acylation reaction, instead of the basic.  
Table 5-1. Peptide sequences used in this study and their physicochemical properties  
 Sequence Mass Isoelectric 
point (pI) 
Net 
Charge at 
pH 7 
Hydropathy 
index (h) 
Diffusion 
coefficient
(cm2 s-1) 
Size 
(L/W, 
nm) 
P-1 YLGEEYVK 999.49 4.26 -1 -5.9 4.37 x 10-6 2.3/1.0 
P-2 EAIYAAPFAKKK 1335.76 10.05 +2 -3.6 3.80 x 10-6 3.8/1.0 
P-3 DRVYIHPFHL 1295.68 7.91 +0.2 -2.0 3.89 x 10-6 3.0/1.0 
 
We used three representative short peptides (designated as P-1, P-2, and P-3) to 
demonstrate the principle shown in Figure 5-4, and their sequences and calculated 
physicochemical properties are listed in Table 5-1. In particular, P-1 and P-2 contain 
different numbers of lysine (K) and no histidine (H) in their sequences, and P-3 has two 
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histidines and no lysine. Each of them carries different net charge at neutral pH. These 
peptides have a similar width, ~ 1 nm at their widest. Circular Dichroism showed that 
they took a random conformation in aqueous solution whereas PolyT20 adopted a right-
handed helical conformation. Thus, PolyT20 may provide an entropic advantage for 
threading into nanopores. We began with P-1 that contains one lysine residue at its C-
terminus. First, we compared the anhydride with another commonly used acylating 
reagent N-hydroxysuccinimidyl (NHS) ester. The NHS azidoactate reacted with P-1 at 
pH 6.7, but produced two products that were characterized as a peptide modified by one 
and two azidoacetyl (N3CH2CO-) groups by MALDI mass spectrometry. This is consistent 
with results reported in literature. Mentinova et al have reported that sulfo-NHS-acetate 
reacted with both N-terminal and ε-amine of lysine at the neutral pH and it showed the 
preference for the N-terminal amine only when pH was ~ 5.18 This is the reason why we 
chose azidoacetic anhydride as an acylating reagent. Initially, the acylation reaction was 
carried out with P-1 at a concentration of 0.4 mM and azidoacetic anhydride at 1.2 mM 
in a sodium acetate buffer, pH 6.7 at 0 °C, monitored by reverse phase (RP) HPLC. 
Retention times (tR) of starting materials were determined by separate HPLC runs, 
shown in Figure 5-5 A-i). After 15 min, three new peaks appeared in the HPLC 
chromatogram, labeled as 1, 2 and 3 in red (Figure 5-5 A-ii). The peak 1 has a shorter 
retention time (tR) than the starting peptide P-1; in contrast, both peak 2 and 3 have 
longer retention times than P-1. The ratio of these peaks was 5:89:6, determined by their 
chromatographic peak areas. We separated these individual products and analyzed them 
with MALDI and tandem mass spectrometry. Peak 1 was characterized as a product 
resulting from addition of a 42 Da mass unit to P-1. In its CID spectrum (Figure 5-5 B), 
masses of all the observed y ions (y3 to y7) match those calculated from P-1 with 
unmodified amino acid residues from the C-terminus to one next to the N-terminus, 
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indicating that the modification took place at the N-terminus. The N-terminal 
modification is further confirmed by observed b ions (b2 to b7), every of them matching 
up with the mass of a P-1 fragment plus an additional 42 Da. The 42 Da mass would be 
accounted for by the addition of an acetyl group (CH3CO - H). To prove this, we carried 
out a reaction of acetic anhydride with P-1 under the same conditions, finding out that 
the major product (98%) had the same tR and mass as the peak 1. This acetyl byproduct 
was unexpected, albeit only ~ 10% in the product mixture (and not reactive in the 
reaction that follows). Further studies are required to fully characterize it and determine 
its origin. Peak 2, which was the major product, has a mass of 1083.5 Da, corresponding 
to mono-azidoacetylated P-1. By analyzing its CID spectrum, peak 2 was identified as a 
product of α-amine azidoacetylated P-1 (Figure 5-5 C). Peak 3 has a mass of 1166.5, 
corresponding to the addition of two azidoacetyl groups to P-1 and the CID spectrum 
identified it as a product of both N-terminal and ε-lysine amine azidoacetylated P-1 
(Figure 5-5 D). This study also showed that the tyrosine residue did not react with 
azidoacetic anhydride below neutral pH. With these preliminary data, we further studied 
the effects of pH and reaction time on the reaction and the results are listed in Table 2 
based on the HPLC analysis.  First of all, at pH below 7, azidoacetic anhydride reacted 
with the N-terminal amine with high selectivity (> 90%). The selectivity increased by 
decreasing the pH, but the conversion of P-1 to products was reduced as well. Extending 
the reaction time increased the conversion rate of peptide to products but also reduced 
the selectivity and more byproducts were produced. 
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Figure 5-5. HPLC and Mass analysis of azidoacetic anhydride reacting with P-1: (A) RP HPLC 
chromatograms of (i) starting materials and (ii) the reaction mixture at pH 6.7; (B) Tandem mass spectrum 
of peak 1 in (A); (C) Tandem mass spectrum of peak 2 in (A); (D) Tandem mass spectrum of peak 3 in (A); 
Inserts in B, C, and D are calculated fragment ions of the corresponding peptides. See Table S1 in Supporting 
Information for detailed analysis of tandem mass data from collisional-induced dissociation (CID) 
Table 5-2. Effects of reaction conditions on the selectivity of azidoacetic anhydride 
pH Time (min) Conversion of P-1 Acylating ratio* 
(α to ε amine) 
5.5 15 15% 100 : 0 
6.1 15 61% 98.9 : 1.1 
6.7 15 85% 96 : 4 
6.7 60 97% 91 : 9 
 
We applied the same reaction condition to P-2, which has three lysine residues at its C-
terminus. As a result, P-2 yielded a mixture of five new products at pH 6.7, labeled as 1, 
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2, 3, 4, and 5 in red as shown in Figure 5-6 A-i. We have assigned these peaks to their 
corresponding products in the same way as was done for P-1. The peak 1 is a product 
resulting from acetylating P-2 at the N-terminus, the peak 2 is a product of P-2 with one 
lysine azidoacetylated, peak 3 is P-2 with N-terminus azidoacetylated, peak 4 and 5 are 
P-2 with two lysine azidoacetylated. We determined the ratio of peak 1:2:3:4:5 = 7.1 : 
2.2 : 73.0 : 5.0 : 12.7. Again, the N-terminal azidoacetylated product (peak 3) was the 
major product. This result shows that the azidoacetylating reaction can selectively take 
place at the N-terminal amine of a peptide even when the peptide contains multiple 
lysine residues. The selectivity can be improved by lowering pH. As shown in Figure 5-6 
A-ii, the selectivity increased to ~ 98% at pH 5.5, but the conversion rate of the peptide-
to-product was reduced to 19% from 75% at pH 6.7.By comparing the results shown in A-
ii with A-iii of Figure 5-6, it indicates that extending the reaction time increased the 
conversion rate of peptide-to-product, but also reduced the selectivity. 
P-3 was a peptide adopted from hormone angiotensin II, containing two histidine 
residues and no lysine in its sequence. At pH 6.7, it reacted with azidoacetic anhydride, 
resulting in three products (Figure 5-6 B-i, labeled as 1, 2, 3 in red). Their ratio was 
determined as peak 1:2:3 = 91 : 5 : 4, in which peak 1 was a major product. The CID mass 
analysis confirmed that the peak 1 was a product of N-terminal azidoacetylated P-3, 
whereas peak 2 and 3 are products of histidine residue azidoacetylated P-3. When 
lowering the reactant ratio to 3:1 between azidoacetic anhydride and P-3, the conversion 
rate was reduced to 17%, but the product ratio between peak 1 and 2 was 91:9 and peak 3 
did not appear (Figure 5-6 B-ii). At pH 5.5, the peak 2 then became a major product 
(Figure 5-6 B-iii). This is probably because the imidazolyl ring of histidine has a lower 
pKa than the N-terminus amine so that it is more reactive at the low pH. Unexpectedly, 
the azidoacetyl group on the imidazolyl ring could not be removed by the base treatment 
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(even with concentrated ammonia). It has been reported that the imidazolyl ring of 
histidine can react with acylating reagents and the acyl group can be removed at basic 
conditions. 
 
 Figure 5-6. RP HPLC profiles of azidoacetic anhydride reacting with P-2 (A) and P-3 (B) at different pH and 
reaction time. 
Next, we turned to the reaction of attaching PolyT20 to the azidoacetylated peptides 
(Figure 5-4, Step 2). ADIBO-T20 was synthesized by reacting DBCO-NHS ester with 
PolyT20 bearing a C12 amino modifier at its 5’ end in a phosphate buffer pH 8, and 
purified by RP HPLC. It spontaneously reacted with each of N-azidoacetylated peptides 
when they were mixed in a TEAA buffered solution (pH 7), resulting in desire peptide-
PolyT20 conjugates, designated as P-1-T20, P-2-T20, and P-3-T20 (characterized by MALDI 
mass spectrometry). The HPLC analysis indicated that these peptides were quantitatively 
converted to the corresponding peptide-PolyT20 conjugates with no detectable 
byproducts. Nonetheless, the times to complete these reactions were different among 
these peptides, 45 min for reacting with N-azidoacetylated P-1, 10 min with 
azidoacetylated P-2, and 20 min with azidoacetylated P-3. It seems that the reaction 
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rates of these peptides correlate with the net charges they carry (see Table 5-1). Since 
PolyT20 is a negatively charged molecule, the more positively charged P-2 reacted fastest, 
the negatively charged P-1 the slowest, and with P-3 (which has a smaller positive 
charge) intermediate. We also noticed that the product peaks are split into two or 
broadened in the HPLC chromatograms. This is because the ADIBO-azide reaction 
produces a regioisomeric mixture of the triazole connection. In our case, the peptides 
were connected to either position 1 or 3 of the triazole ring (see Figure 5-4). 
5.3.  Solid-State Nanopore Translocation Experiment Preparation and 
Setup 
We have discussed the fabrication of nanopore device on a SiN membrane in the 
previous chapters. For this oligonucleotide, peptide, and oligonucleotide-peptide 
conjugate translocation experiment, we followed the same procedure of drilling 
nanopores. Silicon chips (5×5 mm) coated with SiN (30 nm thick) membrane from 
Norcada Inc. were used as the substrate chips. Firstly, a 250×250 µm SiN window was 
opened from the Si backside of the chip, and a 30 nm thick of free-standing SiN 
membrane was left. After standard cleaning process (ethanol rinse followed by acetone 
rinse followed by DI water rinse), nanopores were drilled using electron beam in JEOL 
2010F (ZrO/W (100) Schottky type) TEM at 200kV. The size of the pores were controlled 
during the electron beam drilling and monitored using TEM CCD. An image of the 
nanopore was imaged right after drilling for diameter and geometry measurement. 
5.3.1. Cleaning of after Drilling Nanopore Chips and Sample Cells 
Assembly 
Prior to using the nanopore chips for translocation experiments, we immersed the chips 
in hot piranha solution (H2O2 : H2SO4 = 1:3) for 10 min, heated on a hot plate set at 265°, 
and rinsed with water. This step is very crucial for cleaning and wetting the drilled SiNx 
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nanopores. Without this cleaning procedure we were not able to have a successfully 
opened nanopore, which also raises an important problem when we combine the 
nanopore device with the molecular sequencing device. We will further discuss this issue 
in Chapter 3 and 4.  
After drying with a N2 flow, the nanopore chip was assembled in a piranha-cleaned 
Polychlorotrifluoroethylene (PCTFE) cell, as shown in Figure 5-7 . Dr. M. Wanunu’s 
group in Northeastern University inspired the PCTFE sample cells design. This design 
aims for simplifying the assembly of a reservoir-nanopore-reservoir sandwich structure. 
It is easy, reusable, and together with a quick-curing silicone elastomer gasket it 
efficiently prevents any leakage between the two reservoirs, therefore it works very well 
in simple translocation experiments. Although this design has the advantage of quick 
assembly, it also has the disadvantages such as static reservoirs, and a requirement of a 
large amount of samples. As seen in Figure 5-7, these reservoirs are not integrated with 
any flowing fluidic system. Therefore we improved the sample cells with PDMS 
nanofluidic device design which will be discussed in Chapter 6.   
 
Figure 5-7. Solid-state nanopore translocation experiment PCTFE sample cell design. 
Membrane Chip 
Chip Holder 
cis Reservoir 
trans Reservoir 
Ag/AgCl Electrode 
Entering 
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The quick-curing silicone elastomer gasket used here follows Dr. M. Wanunu’s recipe: 
Two silicone rubber components Ecoflex® 5 A and B were mixed with silicone thinner 
(30 g : 1 g) to reduce the mixed viscosity of silicone rubber. They were then colored with 
two different pigments for estimating an even and homogeneous mixture. Because the 
curing process finishes within 5 minutes, the two components were filling into separated 
syringes and stored until use. When mounting a nanopore chip onto the sample holder 
as shown in Figure 5-7, the modified two silicone rubber components were mixed 1:1, 
then seals and secures the nanopore chip on the sample holder. The quick curing feature 
of this elastomer gasket helps better preventing leakage current or pathways, and the 
coverage of the gasket on the silicon chip also reduces the device capacitance.  
5.3.2. Analyte Solution Preparation 
Electrolyte solution used in translocation experiments was 0.4 M KCl in 1 mM phosphate 
buffer (pH 7.0 pH), which was filtered through a Millipore® 0.2 µm filter. Nanopure® DI 
water were used in all sample solutions. A pair of Ag/AgCl electrodes, made from fresh 
Ag wires soaking in bleach for at least 4 hours, was inserted into both cis and trans 
sample reservoirs for applying ionic bias and ionic current measurement. All of analytes 
were dissolved in the electrolyte solution for translocation experiment. 
The analytes this experiment studied were, as mentioned earlier in this chapter, a ssDNA 
oligomer PolyT20, peptide-oligomer conjugates PolyT20-Angiotensin, PolyT20-YK and 
PolyT20-YKKK, together with the peptides themselves, Angiotensin, YK, and YKKK. All 
these analytes were prepared in Nanopure® DI water at a high concentration ~10 M. 
Before each translocation experiment these analyte solutions were diluted in the 
electrolyte solution described above. 
The electrolyte solution was used as a translocation control reference. Each translocation 
experiment began with filling the electrolyte solution in both reservoirs and running a 
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control experiment to ensure a steady baseline current and no electrical translocation 
spikes presents, which indicates no contamination is in the system. Then, an I-V sweep 
was taken to examine the conductance of the nanopore, also the capacitance of the 
system. When a successfully opened nanopore with low capacitance was confirmed, an 
analyte solution was injected into the cis reservoir with a final concentration of 0.5 - 1 
M. A translocation driving bias was applied to the Ag/AgCl electrode in the trans 
reservoir, while the electrode in the cis reservoir was kept grounded to avoid adsorption 
of analyte molecules. After recording the ionic current, the cis reservoir was drained and 
rinsed with the buffer solution. Another control measurement was conducted to ensure 
no contaminations left in cis reservoir before a new analyte solution was injected. 
5.3.3. Data Collection and Analysis  
Ionic currents were collected either at 100 kHz sampling rate with a 10 kHz low pass 
filter using patch clamp amplifier Axon Axopatch 200B, with digitizer DigiData 1550A 
from Axon Instruments Inc., similar as Carbon Nanotube translocation experiments, or 
at 4 MS/s with a 10kHz low pass filter using Chimera Instruments VC100 amplifier 
system. pClamp 10.4 software and an in-house-developed LabView program were used 
for recording the ionic current data and I-V curve data. The data were then analyzed 
using a MATLAB based software OpenNanopore, developed by Laboratory of Nanoscale 
Biology (LBEN) of École polytechnique fédérale de Lausanne (EPFL), and statistical 
analysis was carried out in OriginPro 2015, in which the Levenberg–Marquardt 
algorithm was used for curve fitting. 
5.4. Translocation of Peptide-PolyT20 Conjugates: Result and Discussion 
The setup for this translocation is illustrated in Figure 5-8(A), following a procedure we 
previously discussed in the earlier chapter and last section. A nanopore chip was 
mounted and sealed by silicone elastomer gasket in a homemade PCTFE cell to form two 
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separate chambers. The analyte solution was loaded in the cis-side of the nanopore 
where the electrode was grounded, with a final concentration of 0.5 ~ 1.0 µM. All of the 
measurements were carried out in a 0.4 M KCl electrolyte solution buffered with 1.0 mM 
phosphate, pH 7.4. The nanopores used measure the translocation of peptide-
oligonucleotide conjugates are shown in Figure 5-8(B). Their sizes and shapes are 
slightly different from one another, determined by TEM imaging, although the diameters 
of them are all ≥ 3 nm.  
As mentioned previously, before analytes were added into the cis reservoir, a control 
experiment with both cis and trans reservoirs filled with 0.4 M KCl in 1 mM PB was 
conducted. If the nanopore is opened and wetted, a steady baseline current will be 
presented under a certain bias voltage applied across the nanopore. This ionic current 
collected without analytes is called open pore current 𝐼0. An IV curve can be collected 
under a sweep bias -500 mV – +500 mV, and as we discussed in previous chapters, the 
conductance of the nanopore can be measured from the fitting of the IV curve. Since we 
know the thickness of the SiN membrane ℎ = 30 nm and the diameter 𝑑 of the nanopore 
measured from TEM image (~3 nm), we can easily calculate the estimated conductance 
of the nanopores using the conductance equation as described in chapter 3 and 4.19 
Figure 5-8(B) shows that the measured conductance of pore-2 and pore-3 are slightly 
smaller than calculated values. This implies that either these nanopores shrank in size 
since drilling, or the inside wall of these pores were not uniform cylinders. With each 
individual nanopore, we were able to finish measurements on translocation of a peptide-
PolyT20 conjugate as well as its parent peptide and oligonucleotide before it became 
clogged.  
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Figure 5-8. (A) Schematic illustration of a nanopore device for translocation measurements; (B) TEM images 
of the nanopores used for translocation and their physical parameters; (C) ionic current traces in Pore-1, i: 
with P-1, ii : with P-1-T20; (D) ionic current traces in Pore-2, i: with P-2, ii : with P-2-T20; (E) ionic current 
traces in Pore-3, i: with P-3, ii : with P-3-T20; (Bias: 500 mV; Analyte concentration: ~ 1.0 μM) 
In a typical translocation experiment, we began with measuring translocation of PolyT20, 
peptide-PolyT20 conjugate, and then peptide in the specific order. Between the 
measurements, nanopore was rinsed with the electrolyte solution to remove any analyte 
residue and restore it to the original conductive state. The raw data generated by these 
nanopores are shown in Figure 5-8 C (Pore-1), D (Pore-2), and E (Pore-3), respectively. 
At first glance, neither negatively charged peptide YK nor positively charged peptide 
Angiotensin and YKKK showed spikes of current blockades (Figure 5-8 C-i, D-i, and E-i), 
indicating that there was no translocation taking place with these peptides. In contrast, 
all of the peptide-PolyT20 conjugates (P-1-T20, P-2-T20, and P-3-T20) created spikes with 
their respective nanopores (Figure 5-8 C-ii, D-ii, and E-ii), comparable to those resulting 
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from PolyT20 as seen in Figure 5-9. These ionic current spikes appears to be blockage 
spikes, which representing molecule passing through the nanopore, which we will 
discuss in detail next. Lee and coworkers reported that charged short peptides can 
translocate through protein nanopores and block the ion current,20,21 but the 
concentrations of their analyte samples were 50 to 100 times higher than what we have 
used here. 
 
Figure 5-9. Ionic current trace of PolyT20 translocation through SiN nanopore in Pore-1 (A), Pore-2 (B), and 
Pore-3 (C).  
We first analyzed individual spikes in these collected current traces using OpenNanopore 
MatLab program by EPFL.22 A sample translocation signal spike (event) can be seen in 
Figure 5-10. The characteristic parameters for these event spikes are also shown, as Δ𝐼 is 
the blockade current, 𝜏 is an event’s dwell time, Δ𝑡 represent the time interval (waiting 
time) in between event spikes, and 𝐼0 is the baseline (open pore) current. Categorizing 
them roughly as single- and multi-level events, as in Figure 5-10(A), by the program, we 
can see that these single-level events are the dominant signals, which reflect events of 
polymers threaded in a head-to-tail manner and translocated through nanopores. Multi-
level events are usually observed as single-level spikes with a very small step in the 
beginning or the end of the events, which we can consider also as single-level events. 
Only a few multi-level events showed clear steps in the ionic current spike, which may 
represent molecules getting pulled in a folded confirmation through the nanopores.23 As 
we can see, the single-level events were dominating in the current blockades, as shown in 
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Figure 5-10(B). There were ~ 94% of spikes generated by the conjugate P-1-T20, 83% by 
P-2-T20, and 71% by P-3-T20 falling into the single level event category. In comparison, 
PolyT20 had 88% of single level events with Pore-1, 75% with Pore-2, and 62% with Pore-
3. Here we will focus our following discussion on these single level events since they are 
more representative and we will leave the multi-level events discussed later. 
 
Figure 5-10. (A) Characteristic spikes appearing in ionic current traces of PolyT20 and its peptide conjugates; 
(B) Histograms of current blockades by peptide-PolyT20 conjugates at 500 mV bias 
Figure 5-11 shows duration times of the single level events with different peptide-PolyT20 
conjugates at 500 mV bias. We attribute these single level events to translocation of the 
conjugates through nanopores. First, when the bias across the nanopore was reversed, 
blockade signals were observed only after a significant time of translocation in the 
forward direction, strongly suggesting that the conjugates do indeed translocate through 
the pores. Secondly, we found that the duration times of the single-level events were 
reduced with increasing the voltage (inserts in Figure 5-11). For a translocation event 
with a favorable electric field (i.e. electrophoretically driven), the dwell time of a 
polymeric molecule in the nanopore decreases as the voltage increases.21,24 Our results 
meet such a requirement, further confirming that these single-level events resulted from 
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the translocation. We evaluated these statistical data were evaluated by Student’s t-test, 
and found that they have no significant difference between each other after Welch’s 
correction (equal variance not assumed) at a conventional 0.05 cutoff, judged by their p 
values. Thus, we can draw a conclusion from the duration time data that although these 
peptide tails carry some charges (-1, +2, +0.2), they did not significantly alter the dwell 
time of PolyT20 in nanopores.  
 
Figure 5-11. Distributions of duration time of single level events of peptide-PolyT20 conjugates at bias = 500 
mV. Inserts: plot of duration time vs. voltage 
However, we observed the significant difference in distribution of current blockades 
between the peptide-PolyT20 conjugates and PolyT20. As shown in Figure 5-12, in all of 
the three nanopores, PolyT20 has a widely spread distribution of current blockades 
(𝛥𝐼/𝐼0) across the range of 0.1 to 0.9 along the y axis, whereas those of the peptide-
PolyT20 conjugates were mainly located half way below. These results can be explained 
by the Christmas-tree effect.25,26 When a single stranded DNA is translocated, it threads 
either through its 5’- or 3’-end into a nanopore, the preference of which is affected by its 
global conformation. Meller and coworkers demonstrated by all-atom molecular 
dynamics (MD) that DNA bases in a stretched conformation preferably tilt towards the 
5’-end in a confined pore.25 This is because all of nucleosides in DNA have a 
configuration of nucleobase in the same side with the 5’-hydroxyl group on the 
deoxyribose ring. As a result, the DNA translocation with the 3’-end threading could be 
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faster, more frequent, and less blockaded than with the 5’-end threading, just as a 
Christmas tree can be moved into a door more easily from its trunk end than from its tip. 
The hypothesis fits our observation on translocation of PolyT20 that shows more data-
points in the lower left part of Figure 5-12. In addition, PolyA20 showed the similar 
current blockade pattern in the α-HL nanopore.3 When a peptide is tethered to PolyT20, 
the 5’-end is further blocked for threading. This may explain why we only observed that 
the translocation of the peptide-PolyT20 conjugates mainly yields low current-blockades, 
as shown in Figure 5-12 where most of the red and black dots are located. By comparing 
the red and black dots in these 2D plots, we can readily notice that from P-1-T20 to P-3-
T20, the overlapping with PolyT20 is reduced, more separate from each other, which may 
reflect the sequence differences among these peptides.  
 
 
Figure 5-12. . Scattering plot of current blockade vs. dwell time at bias = 500 mV. (A) Blue: PolyT20, Red: P-
1-T20, Black: overlap of P-1-T20 with PolyT20 in Pore 1; (B) Blue: PolyT20, Red: P-2-T20, Black: overlap of P-
2-T20 with PolyT20 in Pore 2; (C) Blue: PolyT20, Red: P-3-T20, Black: overlap of P-3-T20 with PolyT20 in 
Pore 3. 𝛥𝐼 = 𝐼0 (open pore current) – 𝐼 (blocked pore current) 
5.5.  Conclusions 
First, we have developed an acylation reaction to introduce an orthogonal azido function 
to N-termini of peptides with high selectivity, which allowed us to readily attach charged 
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oligonucleotides to peptides using a click reaction, which is important for practical 
application in preparing the protein sample for the nanopore analysis. 
Secondly, we have shown that the peptide-PolyT20 conjugates can effectively translocate 
through solid-state nanopores, which lays down a foundation for us to develop a 
universal technique for analysis of proteins based on sequencing in nanopores. Our data 
indicate that the peptide-PolyT20 conjugates preferably enter the nanopore from the 
PolyT20 end. This result is also supported by a recent publication on translocation of a 
collagen-like peptide-oligonucleotide conjugate through the α-HL nanopore. Thus, we 
conclude that oligonucleotide can be used as a molecular thread to transport peptides 
through solid-state nanopores.  
In this present study, we arbitrarily chose an oligonucleotide with 20 bases long for the 
peptide translocation. For protein sequencing-by-nanopore, it may require that the 
molecule thread have high pulling power and translocation efficiency. We should be able 
to achieve this by changing length of the oligonucleotide and modifying its bases and 
backbone to alter the interactions with the nanopore.  
However, our translocation results indicate that ionic current translocation data have not 
shed light on the DNA or protein sequencing, due to its fast translocation rate and 
relatively low signal-noise ratio as we have discussed in previous chapters. Translocation 
through nanopores may be good for single molecule sensing, but appears to be stretched 
to its limit for single bases recognition and sequencing. This is the very typical problem 
of the next (3rd) generation nanopore based DNA sequencing techniques, such as the 
nanopore based strand sequencing suggested by Oxford Nanopore’s MinION systems, 
which has 5%-38.2% error rate.27, 28 In the next chapter we propose the integration of a 
solid-state nanopore with a pair of nanogap recognition tunneling electrodes for a 
potential low error rate nanopore based sequencing, as the 4th generation technique.  
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CHAPTER 6   
AN OUTLOOK OF NANOPORE BASED SEQUENCING TECHNIQUE 
We have thoroughly discussed methods using CNTs and solid state nanopores for single 
molecule capture, detection and analysis. At the same time, we also encounter the 
disadvantages and limitation of these techniques. In order to sequence DNA or protein 
molecules, they need a help from some other sequencing technique with a higher reading 
accuracy and resolution. In this chapter, we propose a design of nanopore based 
sequencing technique, together with some promising early results. This is also the 
ongoing project and future goal we are working on. 
6.1.  Recognition Tunneling for Nanopore Based Single Molecule 
Sequencing 
In nowadays human genome studies, people try to use series of repeated chemical cycles 
to build up reads from one base to number of bases. The repeated sequences of long 
DNAs are difficult to assemble with the short reads of this current next-generation 
cyclical sequencing technique. Instead, nanopore based sequencing offers the possibility 
of very long reads of DNA with single molecule sensitivity,1 as nanopore restrict DNA 
and other biomolecules passing through it in a stretched linear fashion. Although, using 
nanopore itself for single molecule sequencing is not sufficient, as we have discussed 
much about in the previous chapters. In the next-generation nanopore sequencing, the 
sequence is sensed via the changes in the degree to which ion current is blocked as a 
polymer translocates through the pore. This is current blocking method is called resistive 
sensing as mentioned in Chapter 3, and is sensitive to several bases. This results in many 
different current levels that must be sensed and assigned to blocks of bases, with the 
sequence reads are prone to errors.2 Although substantial data can be recovered with 
improved nanopores as reported by A.H. Laszlo.3 To have a better read outs, the 
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thickness of nanopore should be around the size of a base, and the translocation rate is 
slow enough for sequencing measurement. In order to overcome these limitations, M. 
Zwolak and M. Di Ventra proposed sensing DNA bases via measurements of transverse 
tunnel current as a DNA molecule is passed through a gap between two electrodes,4 as a 
recognition tunneling junction. Since then, many attempts of fabricating solid-state, 
fixed gap tunneling junctions for DNA bases reading are conducted by different groups.5–
10 Some of these papers have already proposing an integration of nanopore and tunneling 
nanogap for sequencing, although at the best cases, they still only reported the detection 
of whole DNA molecules as single events with no chemical information.  
There are two groups have reported tunnel detection of the DNA bases, but only with 
adjustable tunnel gaps. For example, in our early study, we have reported that using the 
metal electrodes of a scanning tunneling microscope (STM) functionalized with 
molecules that are strongly bonded to the electrodes, weak hydrogen bonds with the 
DNA bases can be formed, and different tunneling current from different binding modes 
can be read out and distinguished. This process is called “recognition tunneling” (RT). 
The RT junction was mentioned previously and the universal reader molecule was 
discussed in Chapter 4. RT can detect and separate all four DNA bases and 5-methyl 
cytosine11,12 as well as a number of amino acids and peptides13 using a fairly large gap (~2 
nm14). In another approach, a mechanically controllable break junction (MCB) is used to 
create fresh metal surfaces in solution. When a very small gap (0.5 to 0.8 nm) is used, 
both DNA bases15,16 and amino acids17 are detected. Both of these two mobile tunneling 
junction work well with DNA bases and amino acids differentiation, although neither the 
STM nor MCB approaches are scalable, nor are they compatible with integration with a 
nanopore. The development of a solid state tunneling device that is sensitive to all 5 
bases and compatible with the incorporation of a nanopore is much desired. 
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Fixed electrode gaps for DNA sequencing have been made from many different attempts. 
The most straight forward methods are breaking up a nanowire by a certain type of 
damage. For example, cutting gold5,6 or carbon7 nanowires with an electron beam, by 
using electromigration16 or mechanical stress18 to break a gold wire, or electron-beam 
induced deposition of opposed pairs of wires8 have all been tested and reported. 
However, the damages are hard to control thus the nanogap geometry, size and quality 
are all very hard to reproduce. That is why few promising results were achieved. In order 
to produce reliable tunneling junction, which can also be easily incorporated with solid 
state nanopores, here we propose a different approach of making a fixed junction. 
6.2. Nanopore Based Fixed Tunneling Junction Design 
Proposed by Dr. S. Lindsay, an alternative approach for a fixed junction is to use a 
layered structure to define the size of a gap, allowing molecules to bond between 
electrodes exposed at the edges of the device, as seen in Figure 6-1. These multilayer 
edge molecular electronic devices (MEMED) have been reviewed by P. Tyagi.19 Its 
potential scalability and compatibility with a nanopore makes it overcome several 
limitations of the STM. Here in Figure 6-1 we propose a nanopore based fixed-gap 
tunneling junction for single molecule (DNA or protein) sequencing. 
 
Figure 6-1. Scheme of nanopore based fixed-gap tunneling junction sequencing device design  
+ 
− 
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ssDNA 
𝑣 
- 
- - 
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6.3. Reading DNA Nucleotides by Fixed-Gap Tunneling Junction 
We have coupled this layered structure with RT reader molecules to make a device that is 
sensitive to molecules dissolved in solution in contact with the device, which we will 
discuss in this section.  
6.3.1. Experiment Methods 
6.3.1.1. Size of the Tunnel Gap  
Like other colleagues, given the uncertainties in measurement of STM gap sizes, we tried 
to make tunnel junctions using electron-beam cuts in nanowires suspended on thin 
membranes as shown in Figure 6-2. That the gap size could be measured directly under 
TEM image as seen in Figure 6-2(b).  From experience gaps between 1.8 and 2 nm gave 
good RT signals, as in the example traces in Figure 6-2(c).  This result is a little smaller 
than the break junction measurements’ estimation 2.5 nm14 but subject to much less 
uncertainty.  Thus 2 nm was chosen as our target size for a fixed tunnel gap. 
 
Figure 6-2. Fabrication of nanowire gaps (a) Gaps are cut in a Pd nanowire deposited on a 50 nm SiN 
window as described in Methods. (b) TEM image of typical gap. (c) Recognition tunneling signals from 
planar tunnel junctions:  Traces of current through a nanowire gap junction coated with the Imidazole 
reader molecules for an applied voltage of 0.4 V between the contact pads with a 5 μl drop of phosphate 
buffer solution (pH 7.0) 
C 
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6.3.1.2. Fabrication of Layered Junctions  
Layered tunnel junctions were made by first depositing a 10 nm thick Pd electrode on a 
Si wafer using e-beam evaporation as bottom electrode in a). 1 nm of Ti was used as an 
adhesion layer to bond to the native oxide and the Pd electrode was contacted by gold 
electrodes (labeled A1 and A2 in the top-down SEM image shown in Figure 6-3(b). 
Plasma-enhanced atomic layer deposition (PEALD) was used to grow a ~2 nm thick layer 
of Al2O3 shown as grey layer in Figure 6-3(a). A 50 nm wide Pd nanowire wire (10 nm Pd, 
1 nm Ti) was deposited on top of the Al2O3 dielectric using e-beam lithography (EBL). 
This wire is shown connected to gold electrodes B1 and B2 in Figure 6-3(b). We used a 
nanowire because wires below 100 nm in width almost always yielded non-shorted 
devices. These devices gave tunnel currents consistent with the Simmons formula though 
departures from ideality at high bias suggest that defects and/or electrochemical effects 
play a role.20 
 
Figure 6-3. Fabrication of layered tunnel junctions. (a) A Pd-Al2O3 -Pd sandwich structure in which two 10 
nm thick Pd layers are separated by a ~2 nm thick layer of Al2O3 to form a fixed-gap junction. A hole cut 
into the sandwich (“RIE Cut”) exposes the junction.  (b) SEM image of the top view of a device before 
cutting.  The bottom Pd electrode is contacted by gold electrodes A1 and A2.  The top 50 nm-wide Pd 
nanowire is contacted by electrodes B1 and B2 (the Al2O3 layer is not visible). (c) SEM image of the center of 
the device after a hole was cut by RIE. (d) TEM image taken through a thin section lifted out of the junction 
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region by FIB. The bulk of the dielectric layer is about 3 nm in thickness, narrowing to 2 nm at the RIE cut 
(red arrow). (e)  Tunnel current vs. bias before (blue) and after (red) the RIE cut. The current falls in 
proportion to the reduction in junction area after cutting. 
The next step was to cut through the electrodes to expose the gap to analyte solutions as 
shown in Figure 6-3(c). However this step was proved to be challenging. Electron beams, 
Ga-focused ion beams and argon ion sputtering all caused the metal electrodes to melt or 
move, shorting devices completely in most cases. Selective reactive ion etching (RIE – 
see Methods) proved quite effective, with a yield of about 30% for devices with 
undamaged junctions. The test criterion was that the cut junction gave a reduced tunnel 
current after cutting, consistent with the reduction in junction area as in Figure 6-3(e).  
TEM imaging of the cross-section of working junctions in Figure 6-3(d) showed that the 
ALD was thicker than the target 2 nm, but this was compensated for by some degree of 
closing up of the electrode gap after cutting, resulting in the desired 2nm gap in about 
30% of the junctions.   
6.3.1.3. Sample Interface  
A 1 μm PMMA mask was used to define the area etched by RIE using EBL patterning 
similar as described in previous chapters. This mask was also used as a passivation layer 
and surface on which a microfluidic cover was mounted as shown in Figure 6-4(a). The 
final device was immersed in an ethanolic solution of the recognition-molecules (4(5)-(2-
mercaptoethyl)-1H-imidazole-2-carboxamide, ICA) overnight (>20 hrs) for 
functionalization as described in chapter 4.  
6.3.1.4. Microfluidic Sample Delivery Design 
After rinsing and drying, a PDMS microfluidic cover was pressed onto the chip, see 
Figure 6-4(a). Fluid lines were used to draw solutions through the microfluidic channel 
using a syringe. This sample delivery system was identical to what we have discussed in 
CNTs experiment, although with only 1 single channel for delivering analyte to the 
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tunnel junction device. The reason for using PDMS microfluidic cover again is that firstly 
it gives a relative good seal for sample fluidic, and secondly it is very easy to expose part 
of the device chip for electrode-probe contact, which assures the control of potential of 
electrodes on device and the measurement of signal current. Later on, with a similar set 
of PDMS designed for the backside of the device chip, we can easily build a nanopore 
translocation fluidic system with no change on the top side, which will be shown in the 
end of this chapter.  
 
Figure 6-4. Fluid interface: a Optical image looking through the PDMS microfluidic on top of the device.  The 
arrow shows the direction of fluid flow. b Biasing of the junction.  The lower electrode is held at a potential 
Vref with respect to an Ag/AgCl reference electrode.  The top electrode is held at Vbias with respect to the 
lower electrode. Tunnel current is measured with a transconductance amplifier I. Red dots symbolize two 
molecules trapped by the recognition molecules tethered to the electrode surfaces. c Control experiments 
with the electrodes unfunctionalized, or functionalized with no analyte present, or unfunctionalized with no 
analyte present produce no signals. d When the same device is functionalized and an analyte present (100 
μM dGMP) the current jumps up to a large constant value with superimposed current fluctuations.  The inset 
shows how this signal is largely abolished by rinsing the device. e In the absence of a references electrode 
devices show large swings in current with slow transitions between states.  These instabilities vanish when 
the device is connected to a reference electrode (f). 
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6.3.1.5. Recognition Tunneling Current Measurement Setup 
The device was mounted on a probe station inside a Faraday cage and an Ag/AgCl 
reference electrode was held at constant bias relative to the bottom electrode, see Figure 
6-4(b). Bias was applied across the gap using the probe station and tunnel current was 
recorded using an Axon Axopatch 200B. Control experiments were carried out (1) using 
phosphate buffer solutions alone; (2) using analyte solutions with unfunctionalized 
devices and (3) using functionalized electrodes with phosphate buffer solutions. The 
featureless current trace in Figure 6-4(c) is representative of the results these three types 
of experiment. Both analyte molecules and functionalized electrodes were required to 
produce RT signals, and Figure 6-4(d) shows the signal given by the device that gave no 
signals Figure 6-4(c) in three control experiments. These controls have been reproduced 
many times with consistent results in devices with gaps from 1.8 to 2 nm.  
It proved essential to couple one of the electrodes to a reference electrode in contact with 
the analyte solution Figure 6-4(b) so that both electrodes (one at Vref, the other at Vref + 
Vbias) were held in the double layer range of potential with no significant Faradaic 
processes at either electrode21 (but see below). Vref was typically +100mV vs. Ag/AgCl 
with a maximum value of 400mV used for Vbias. Currents in this system are small, and, in 
contrast to macroscopic electrochemistry, the placing of the reference electrode was not 
critical, so it was placed upstream of the microfluidic cover for simplicity. The devices 
showed violent current swings in the absence of a reference Figure 6-4(e) and stabilized 
as soon as a reference was connected Figure 6-4(f). 
6.3.2. Recognition Tunneling Measurement Results 
6.3.2.1. Chemical Sensing  
Examples of chemically-sensitive signals are given in Figure 6-5(a). This shows the 
tunnel current as 100 μM solutions of the four naturally-occurring DNA nucleoside 5’-
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monophosphates (dAMP, dCMP, dGMP, and dTMP) were flowed through a device (Vbias 
= +400mV) one after another, and rinsed with buffer in between to remove bound 
molecules. The signals consist of two components; current spikes that vary in amplitude 
from tens to hundreds of pA, depending on the analyte, and a steady baseline current 
(BL) of between tens and hundreds of pA, again with a magnitude that depends on the 
analyte. Neither signal was present in buffer alone as “Rinse” in Figure 6-5(a) showing 
that the baseline and current spikes were generated by DNA nucleotides. This is 
confirmed by the concentration dependence of the baseline signal, fitting a Langmuir-
Hill adsorption isotherm in Figure 6-5(b). The current spikes are reminiscent of STM 
signals obtained at similar concentrations11,13 but the baseline is a new feature. The 
baseline signal was not present in the nanowire junctions used to determine the optimal 
gap suggesting that it is a consequence of the larger junction area in the stacked junction. 
STM junctions are also small and so would not show this feature: Assuming that this 
current is proportional to the exposed junction area, the largest baseline current (of 
about 400 pA in this 50 nm wide junction) would be reduced to <8 pA in an STM 
junction (which is less than 1nm in extent). Furthermore, a small steady baseline current 
would be compensated for by the STM servo and so remain undetected even if it were 
present in an STM experiment.  
In contrast to the STM, which required a sample with μM concentration, these fixed-gap 
devices gave clear signals with nM concentrations of analyte. Figure 6-5(c), (d) and (e) 
show how the signal changes from a relatively pattern-less signal at 100 μM, to switching 
between a series of current plateaus ΔI as in Figure 6-5(d) at 1 μM, to individual signal 
pulses (labeled “LF” for large fluctuations) on a background of small fluctuations 
(labeled “SF”) at 10 nM in Figure 6-5(e). These experiments were performed on three 
different devices, so we verified these trends by measuring the changes in current 
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distributions on one device as concentration was increased from 10 nM to 1 mM as in 
Figure 6-5(f). The amplitude distribution (relative to the baseline, “BL”) changed from a 
single sharp peak to a much broader, higher amplitude distribution as analyte 
concentration was increased.  
 
Figure 6-5. Representative Signals: a Current vs. time for device 1 as ~100 μM solutions of nucleotides in 
1mM phosphate buffer  (pH~ 7.0) were passed through the device. Rinses in-between (black) used 
phosphate buffer. Noise associated with the beginning and end of flush cycles has been omitted for clarity 
except in the region circled in red. The signals consist of current spikes on top of a baseline current (“BL”) 
that changes with analyte and disappears when the device is rinsed.  b The baseline signal increases with 
sample concentration consistent with a Langmuir-Hill adsorption isotherm (solid line for KH = 0.7 μM)  
c,d,e  Sample traces from three different devices at 100 μM (c)  1 μM  (d) and 10 nM (e)  dAMP in 1mM 
phosphate buffer.  Blowup in e shows 5 to 10 pA steps (“SF”) in the baseline current. The less-frequent large 
signal spikes are labeled “LF”. This concentration dependence is confirmed by a series of measurements at 
different concentration in one device: f shows distributions of LF amplitudes (baseline subtracted). Signal 
traces in c and d were filtered (Methods). 
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Chemical sensitivity and reproducibility in the nM concentration range are illustrated in 
Figure 6-6. The existence of sharply defined current levels and the exponential 
distribution of arrival times between signal spikes at nM concentrations in Figure 6-6(i) 
suggest a Poisson process in which the individual binding events are being resolved. 
Figure 6-6(a) shows amplitude histograms for yet another device for dAMP, dGMP and 
dCMP (dTMP is difficult to flush from the system, complicating repeat measurements). 
These distributions show absolute values of current, and are the sum of contributions 
from the chemically-sensitive baseline, small fluctuations (SF) and large fluctuations 
(LF) so the distributions are quite complicated. Nonetheless, when measurements were 
repeated on the same device, as shown in dashed lines in Figure 6-6(a), the distributions 
were reproduced quite well.  
Better insight into the chemical sensitivity of the devices comes from analyzing the large 
(LF) and small (SF) fluctuations separately. Figure 6-6(b) shows the LF distributions, 
obtained by measuring the height of the larger peaks relative to the baseline value 
immediately preceding the onset of the peak. Both the shape and order of the 
distributions changes from device to device. 
The small fluctuations (SF) were analyzed by determining the current steps between 
levels located in the baseline. These levels are clear without any filtering in the trace 
shown in Figure 6-5(e), but were often obscured by noise in other runs. In these noisier 
traces, the SF were revealed after Hidden-Markov Random Field filtering. Distributions 
of the step values are quite sharp, though the distributions for dCMP and 5Me-dCMP 
overlap as in Figure 6-6(c). The duration of the SF current plateaus also varies with 
analyte, see Figure 6-6(d) and Table 6-1. The combined use of multiple signal features 
enhances separation of single-molecule data.13,22 This is illustrated in Figure 6-6(e) 
which shows how combined use of plateau widths and current step heights resolves 
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many of the reads for all five nucleotides. Reads of dAMP, dGMP and dCMP were 
repeated on two other devices at 10nM and 1 nM concentrations and scatter plots of 
plateau width vs. current step are similar in overall appearance, though absolute current 
values are different Figure 6-6(f)-(h). 
 
Figure 6-6. Signal features at low concentrations: a Current amplitude distributions for three nucleotides 
measured over two repeated runs (device 5) at 10 nM analyte concentration. b Distributions of the 
amplitudes of the large fluctuations (LF). c Distributions of the values of the current step between plateaus 
for the small fluctuations (SF) for dAMP (red) dGMP (blue) dCMP (green) dTMP (orange) and 5Me-dCMP 
(purple).  d Distributions of the width of the current plateaus for the SF.  Solid lines are fits using the sum of 
two exponentials and the decay times listed in Table 6-1. e Scatter plot of plateau widths versus current step 
values for all 5 nucleotides. f shows data for dAMP, dGMP and dCMP (replotted from e) with similar data for 
two other devices at 10 nM (g) and 1 nM (h).  All devices were operated at Vbias=0.38V and Vref=0.1V. i At 10 
nM dAMP, the intervals between the large signal spikes (“LF” Figure 6-5(e)) are distributed as a single 
exponential, consistent with single-molecule events. 
i 
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Thus, it is clear that any one device can resolve different analytes well, but there is also 
considerable device to device variation, probably requiring the use of calibration samples 
to make the technology robust. 
Table 6-1. Current plateau duration times fitted to 𝑎exp (−
𝑡
𝜏1
) + 𝑏exp(−
𝑡
𝜏2
). 
Nucleotide 1(ms)  2(ms) 
dAMP 28.6±3 163±60 
dGMP 7.4±0.3 74±4 
dCMP 27.3±5 189±140 
dTMP 5.7±-0.4 67±4 
5Me-dCMP 5.7±0.4 89.2±6 
 
6.3.2.2. Voltage Dependence of RT Signals  
The fixed tunnel gap allows the voltage dependence of the signals to be investigated 
without the complications of the STM current servo changing the gap. STM data12 hint at 
a nonlinear current-voltage characteristic, but it is immediately obvious in the fixed-gap 
device. Figure 6-7(a) shows current recordings as a function of bias with a 10 nM dAMP 
solution. The amplitudes of both the baseline (BL) and the large fluctuations (LF) 
increase significantly above about 300 mV bias. Figure 6-7(b) shows that the 
conductance of the device increases significantly when the bias exceeds ~350 mV. This 
effect is not seen in experiments with the phosphate buffer alone (“Control” in the 
figures). One explanation for a change in molecular conductance is reduction or 
oxidation of a neutral species.23 Cyclic voltammetry data in Figure 6-7(c) and (d) show 
evidence of a reversible oxidation of the ICA monolayer at about 400 mV vs. Ag/AgCl. 
The feature is abolished by a slight reduction in pH, suggesting that it is caused by a 
deprotonation of the ICA. Figure 6-7(d) shows the excess of electrochemical current over 
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bare Pd for an ICA monolayer (black line, buffer only) and in the presence of 100 μM of 
each of the nucleotides. Since the effect is not changed by adding the nucleotides, we 
conclude that the increased conductance originates with the ICA molecules.  In the 
tunneling devices, the bottom electrode Figure 6-3(b) is held at +100 mV vs Ag/AgCl, so 
the top electrode is at +450 mV vs Ag/AgCl when the conductance increases, close to 
value for peak currents in the macroscopic electrochemical measurements in Figure 
6-7(d). Thus the increased conductance at high bias is consistent with deprotonation of 
the ICA at potentials above about +400mV vs Ag/AgCl. 
 
Figure 6-7. Non-linear current-voltage characteristics: a Current traces as the device bias was stepped from 
0.4V down to 0.26V with the bottom electrode at +100mV with respect to the Ag/AgCl reference. Data are 
for device 4 with 10 nM dAMP. The response is reversible as shown by a return to 0.38V (blue trace). b Plot 
of LF amplitudes (blue) and baseline current (BL) vs. bias for the data shown in  a. Data for control runs 
(buffer only) are given in purple and green. c Cyclic voltammetry for an ICA covered Pd surface in 1 mM 
phosphate buffer. Each curve corresponds to the upper sweep voltage listed. Similar measurements (inset) 
for a bare Pd surface do not show the excess currents at the turn-around points (circled in red) observed 
e 
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when the surface is functionalized with ICA. d Plot of the excess current at the turn-around point for the 
ICA-functionalized Pd (black) and also in the presence of each of the four nucleotides, showing that the 
excess current is owing to the ICA, and not nucleotides. e Two types of interaction that might account for the 
two types (LF and SF) of fluctuation observed. 
6.3.2.3. Baseline Current  
The baseline signal is clearly generated by binding of analyte molecules to the ICA 
recognition molecules. It changes with analyte and increases with sample concentration 
as shown in Figure 6-5(a) and (b). The current path must be through the ICA molecules 
because the baseline signal also changes on oxidation of the ICA as in Figure 6-7(b). A 
plausible model for this behavior is proposed in Figure 6-7(e). Binding events at just one 
ICA molecule (“Single Interaction” in the figure) could cause increases in current by, for 
example, changing the polarization of the medium near the gap. They should be 
relatively frequent events (because alignment is not so critical for binding) and give 
smaller current steps (because the gap is not bridged). Binding events that couple two 
ICA molecules across the gap (“Bridging Interaction” in the figure) would give rise to 
larger signals (LF) and be less frequent because reader molecules would have to be 
positioned appropriately on both electrodes.  
6.3.3. Conclusions of Fixed-Gap Recognition Tunneling  
In conclusion, we have presented a potentially scalable process for manufacturing tunnel 
junctions with a 2 nm gap into which liquid analytes can be flowed and we have 
demonstrated single nucleotide identification using these devices. Functionalized with 
recognition molecules, the junctions produce signals that change with the DNA 
nucleotide in solution. Devices operate reliably for many hours (and can often be 
repaired by re-functionalizing them). At high concentrations, the signals are complicated 
by the overlap of many single molecule contributions. Features associated with single 
molecule binding events dominate at low concentrations. At present, devices are 
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completed one at a time, limiting our ability to gather a large body of statistics on 
different analytes, so it is not yet clear that all four DNA bases and their epigenetic 
modifications will be resolved on every device. We are developing wafer-scale processes 
to increase both the production and uniformity of devices.  
Even without a nanopore, the devices yield useful insights into the electronic and 
electrochemical properties of single molecules. They operate down to an nM 
concentration region, as low as the best that can be done with mass spectrometry and 
better than next generation sequencing (which requires PCR or rolling circle 
amplification). The ability to detect single binding events electronically may pave the way 
for applications beyond biomolecular sequencing.  
6.4. Difficulties of the Combination of Nanopore and Sequencing Devices 
The final goal of fixed-gap tunneling junction is to be integrated with solid state 
nanopore or planar nanochannel to thread and translocate polymers past the tunnel gap. 
As mentioned in the previous chapters, a cleaning and wetting process is critical to have 
a through open nanopores for single molecule translocation. Although this may be tough 
on the tunneling junction electrodes, especially a thin Pd nanowire. How to reduce the 
damage to the tunneling electrode while having a working nanopore remains a challenge. 
On the other hand, the recent nanopore fabrication technique, TEM drilling and 
shrinking, may not be the optimum method, since most of the devices we tried to drill 
holes through the fixed-gap junction and the supporting membrane resulted in shortage 
of the very close two tunneling electrodes. 
In addition, with an opened working pore, translocation experiment requires a driving 
electric field to thread biomolecules through, at the same time, a certain concentration of 
electrolytes are required in the sample solution to establish this driving electric field. 
This system was proved to bring in huge background noises for recognition tunneling 
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measurement, which may drown most useful tunneling signals. How to screen out the 
effect of translocation required electric field in tunneling measurement is another critical 
problem need to be solved. 
6.5. Remaining Work for the Future 
The solution for the problem of having a working pore while keeping all tunneling 
electrodes undamaged may lies in other nanopore/micropore drilling techniques besides 
TEM drilling, such as using RIE to cut through both the junction and the underlying 
substrates (by which means nanopores as small as 20 nm in diameter have been mass-
produced24). 
Although with a larger size of nanopores, or even micropores the linearity of biomolecule 
analysis may be sacrificed. Base to base sequencing may be challenging with increased 
error reads. The key for this problem, is again, pore modification. We have proposed to 
combine the advantages of both biological nanopores and solid state nanopores, and use 
DNA capturing and unpacking big biomolecules such as helicase modified pores to 
capture, hold, thread through the polymer into the pore for recognition tunneling 
sequencing.  
Another solution for nanopore fabrication is using Helium (He) ion beam drilling for 
sub-10 nm nanopores. He ion beam drilling was proved to have relatively high yield 
without shorting the tunneling electrodes, which makes it a new direction of nanopore 
drilling study.   
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